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In vitro cell alignment has been shown over the years to be important for 
dictating cellular response such as cell morphology, differentiation, maturation 
and proliferation. Recreating cell alignment in vitro is hence very important 
for cell biologist, biomedical engineers, stem cell scientists and any researcher 
interested in harnessing all the benefits of in vitro platforms. 
Current technologies used to fabricate micro/nanogrooves in vitro are 
photolithography, ultraviolet-laser irradiation, UV embossing, nanoimprint 
lithography and electron-beam lithography. Though these methods can been 
used to achieve nanoscale resolution, they involve costly clean-room 
equipments, lengthy procedures and highly skilled labor and protocols. In 
addition, the high cost of acquiring these machines makes it difficult for labs 
to explore the various applications of alignment in vitro 
In order to make cell alignment a routine feature of cell culture, commercially 
available optical media are explored as cost effective, scalable platforms with 
micro/nano grooves for cell culture. These commercially available optical 
media are optical devices with periodic structure, which is able to split and 
diffract light into several beams travelling in various directions. Here, we 
demonstrate that the optical media can directly support cell attachment, 
growth, alignment and differentiation. We also show its use as molds for 
patterning PDMS used for both 2D and 3D microfluidic cell culture. Finally 
we show that these commercially available optical media can serve as 
platforms for cardiotoxicity drug screening, as they are not only scalable for 
large scale and high throughput studies, but also amenable to the various tests 
xvii 
 
required in drug screening. Commercially available optical media can 
therefore be exploited as a scalable and cost-effective source of micro-grooved 
cell culture substrates. This will allow researchers to incorporate cell 
alignment for routine culture of cardiac, skeletal or neuronal cells to support 
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CHAPTER 1: INTRODUCTION 
1.1 Cell alignment in vitro and in vivo 
Cell alignment refers to the spatial and oriented organization of cells 
[1]. This plays an important role in various cell behaviors including 
cytoskeleton reorganization, membrane protein relocation, cell-adhesion 
complexes spatial disposition, gene expression, and ECM remodeling [1]. Cell 
alignment has also been shown over the years to be important for dictating 
cellular response such as cell morphology, differentiation, maturation and 
proliferation [2]. They also serve as platforms for studying effect of 
mechanical cues on cells [3, 4], and recent evidence suggests cell alignment 
affects the epigenetic state of the cells [5]. Alignment in vivo can be observed 
at various organizational levels in different tissues and organs. They can be 
seen at the extracellular matrices (ECMs) level such as the collagen fiber 
bundles in ligaments [6], in the blood-vessel epithelium which is made up of 
cells aligned along the direction of the flow [7], in striated muscle cells [8], 
neuron cells [9], and cardiomyocytes [10]. Cell alignment ensures pattern 
formation during embryogenesis [11], aids tissue maturation [12] and 
regeneration [13] and is important hierarchical organization of cells and 
tissues [1, 14]. Aligned organization of cells also results in secretion and 
deposition of a highly anisotropic ECM, which is specific to tissue type and 
critical in determining tissue function [1, 15]. Recreating cell alignment in 
vitro is hence very important for cell biologist, biomedical engineers, stem cell 
scientists and any researcher interested in regeneration of structured and 
functional tissue equivalents [1]. 
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1.2 Cell alignment for differentiation and maturation 
Cell differentiation and maturation in vitro is important for studies 
related to developmental biology, disease modeling, regenerative medicine 
and drug development [16]. Differentiating cells into a target organ using for 
example, patient-derived iPSCs as an autologous source of cells potentially 
circumvents the need for immunosuppressant therapy after transplantation. 
This therapeutic potential of stem cell-based regenerative medicine has been 
demonstrated in animal models with good results [16]. Apart from its potential 
in regenerative medicine, stem cells can be used to elucidate disease 
mechanisms in vitro. Equipped with the knowledge gleaned from the said 
disease mechanism elucidation, scientists can look for how to prevent or cure 
the disease [16]. In addition, to the therapeutic potentials, stem cells when 
differentiated to a target organ can serve as cell source for drug development 
[16]. To reap the benefits of stem cells in vitro, cells must be cultured under 
the right set of conditions for successful differentiation into the desired lineage 
[4]. While some researchers direct their effort towards finding the right 
molecules or transcription factors needed for differentiation, it is becoming 
apparent that physical (micro environmental) factors are also important for 
induction into the right lineage [2]. One of such physical cues required for cell 
differentiation is alignment of cells by underlying topography [2].  Alignment 
has been shown to be beneficial for differentiation and maturation of cells into 





1.2.1. Cell alignment for skeletal muscle differentiation and maturation 
Skeletal muscle is composed of highly aligned bundles of parallel 
multinucleated myotubes, formed by fusion of differentiated mononuclear 
myoblast [17]. This parallel arrangement of myofibers in skeletal muscles is 
necessary for developing high contractile forces. Skeletal muscle is needed for 
movement, breathing and carrying out daily physical activities. Hence, any 
damage to the muscle would greatly impair a patient’s day-to-day activities. 
To treat such patients, differentiation and tissue engineering of skeletal muscle 
is a potential alternative. Not only would it serve as therapy, skeletal muscle 
tissue engineering can also serve as a platform for drug development and to 
study insulin metabolism. Unfortunately, myoblasts cannot differentiate into 
organized arrays of myotubes autonomously when cultured in typical cell 
culture flask [17]. They form disordered and branched myotubes and this may 
lead to failure in clinical applications. To solve this problem, many research 
efforts have been focused on techniques promoting alignment of skeletal 
myotubes. 
Myoblast alignment is suggested as a critical step before fusion during 
myotube formation. During musculoskeletal myogenesis, tracks (depth of 1–
4.5µm and width of 2–3µm) formed by primary and secondary mature muscle 
fibers bring myoblasts into conformable alignment with the mature fibers 
before fusion [17]. Myoblasts lie and grow in the grooves between the 
adjacent fibers and differentiate into a fused and aligned muscle tissue [17]. 
Due to this aligned process during tissue development in vivo, physical 
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topography (grooves and ridges) may act as biomimetic platforms for 
myoblast differentiation and spatial organization.  
Many in vitro studies indicate that anisotropic topography is an 
effective parameter for alignment of skeletal myoblasts and myotubes. Dang et 
al showed an induction into the myogenic lineage by aligning human 
mesenchymal stem cells (hMSC) in vitro [18]. Culturing hMSC on nanofibers 
induced a cytoskeletal and nuclear alignment and elongation. These 
morphological changes led to an upregulation of genes indicative of myogenic 
lineage even while the cells were cultured in proliferative, non-differentiating 
medium [18]. In another experiment, Wang et al showed enhanced alignment, 
fusion and maturation of myoblast when C2C12 cells were cultured on 
grooved substrates as compared to the cells cultured on flat substrates [17]. 
Ricotti et al showed that culturing C2C12 cells on electrospun nanofibers 
reduced their proliferative capacity and enhanced their maturation [19]. Many 
other experiments have shown the importance of alignment for skeletal muscle 
tissue engineering. The alignment can be achieved through various means 
such as: micropatterning [20, 21], mechanical stretch [22], electrical 
stimulation [23], abrasive-ground patterned surfaces [24], microchip with 
linearly aligned microgrooves [25], and bio-printing technology [26]. In all 
these experiments, it was shown that differentiation of skeletal myocytes on 
aligned platforms yielded more matured and electrically coupled myotubes 
than cells cultured on flat surfaces [20-24]. More recently scientists have been 
able to generate skeletal muscle grafts of aligned tissue for regenerative 
medicine [27]. The graft was used to treat mice models of Duchenne Muscular 
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Dystrophy (DMD), and the transplant led to the formation of a significantly 
greater number of dystrophin-positive muscle fibers [27]. This result indicates 
that dystrophin replacement and myogenesis is achievable in vivo with this 
approach [27]. Due to the fact that skeletal muscle is a highly organized tissue 
in which the ECM is composed of highly-aligned cables of collagen with 
nanoscale features, transplanting of aligned skeletal muscle graft is a more 
biomimetic approach as it leads to better integration and electrical coupling 
[27]. The grafting of unaligned tissues or the direct injection of cells into 
muscles for regenerative therapy often results in suboptimal functional 
improvement due to a failure to integrate with native tissue properly [27]. Cell 
alignment hence offers benefits not only for enhanced differentiation and 
maturation but also for a better integration of tissue grafts into host tissue [27]. 
1.2.2 Cell alignment for neuronal differentiation 
Cell alignment is important in nerve tissue for differentiation, polarity 
selection and axonal regeneration. With respect to differentiation, Yim et al 
showed that by culturing hMSC on nanogratings of 350nm width, there was an 
upregulation of neuronal markers [4] (Fig 1). They argued that cytoskeleton 
rearrangement and nuclei elongation of the hMSC played an important role in 
creating the signal transduction for the transdifferentiation [4]. The 
cytoskeletal and nuclear elongation have been correlated with changes in gene 
expression profile and cell differentiation in other studies [4]. They further 
showed that the combination of topographical and chemical cues enhanced the 
differentiation of the hMSC into neuronal lineage [4].  In another study, they 
showed that by culturing human embryonic stem cells hESC on topographies 
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of different dimensions, they could direct the differentiation of these cells into 
either the neuronal lineage or the glial lineage [28]. 
 
Figure 1: Enhanced differentiation of human mesenchymal stem cells into 
neuronal lineage. Immunofluorescent staining of (A) Tuj1 and GFAP, (B) 
MAP2 and nestin and (C) synaptophysin and MAP2 of hMSCs cultured on 
nano-patterned PDMS, nano-patterned PDMS in the presence of retinoic acid 
(RA), unpatterned PDMS and unpatterned PDMS in the presence of RA. (A) 
Tuj1 is in red, GFAP in green; (B) nestin is in red, MAP2 in green and (C) 
synaptophysin is in red and marked by arrows, while MAP2 is shown in green. 
In all panels the DAPI nuclei counter-stain is shown in blue. The direction of 
the gratings is indicated with a white arrow. Images were taken at 




In axonal regeneration, neural cells orient parallel to aligned Schwann 
cells (SCs) in both peripheral and central nerve injuries in vivo [1, 29, 30]. 
After a nerve lesion, SCs start to proliferate and generate longitudinal cell 
strands called bands of Büngner [31]. This causes the nerve lumen to become 
restructured by hundreds of microchannels along the major axis of the nerve 
[1]. Aligned SCs and their ECM hence act as a guide for axonal regrowth [1]. 
A number of studies have demonstrated that SC alignment via longitudinally 
orientated microgrooves imitate the formation of bands of Büngner, 
suggesting that topography cues of the nerve in vivo may induce SC alignment 
[32, 33]. A recent study showed that culturing dorsal root ganglion cells on 
PDMS with micro and nano-scale topography of SCs enhanced neurite 
alignment and neuronal adhesion (Fig 2) [12]. Besides just providing a 
physical topography, the aligned SCs also secret ECM molecules, cell 
adhesion molecules and neurotrophic factors which are necessary for nerve 
regeneration. It is possible that the alignment is partially responsible for 
triggering the secretion of those molecules considering the fact that human 
SCs oriented to aligned electrospun poly(e-caprolactone) fibers had an 
enhanced mature state which is pro-myelinating state [34]. Transplantation of 
nerve conduits seeded with aligned SCs has also been used to promote nerve 
regeneration [1, 35, 36], This is due to the improved rate and extent of neurite 
elongation cultured on aligned SCs. Due to all the promising in vitro results, 
many researchers are developing biomaterials which induce SC alignment for 




Figure 2: Confocal images of human Schwann cells cultured on PCL 
scaffolds for 3 days (a, c and f) and 7 days (b, e and h). A) And B) PCL 
film; C-E) randomly oriented PCL fibers; and F-H) aligned PCL electrospun 
fibers, arrows depict directions of fiber alignment. D) And G) Fluorescent-
light images overlay. Green: actin cytoskeleton, blue: DAPI [12] 
 
Alignment in vitro has also been shown to direct the differentiation of 
PC12 cell lines into bipolar morphology as compared to the multipolar 
morphology obtained when cultured on flat surfaces [39]. Neuronal polarity in 
vivo is determined by a series of events preceded by cytoskeletal 
rearrangement that leads to activation of signaling pathways, selective protein 
and organelle trafficking and focal adhesion distribution [39-42]. Polarity 
selection is important in neural differentiation as different cells have different 
functions [39-42]. Manipulating neuronal polarity in vitro hence can serve as a 
tool to study neural development [39-42]. These and many more studies 
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highlight the importance of cell alignment for differentiation and maturation of 
cells [43, 44]. Table 1 shows the various applications of cell alignment in vitro 
 
Table 1: Effects of cell alignment using micro/nanogrooves in vitro [45] 
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1.3 Cell alignment incorporated into in vitro platforms for drug screening 
1.3.1 In vitro drug testing 
Over the past decade, drug safety issues caused about 30-40% of drug 
attrition at all phases of development, including drug discovery, preclinical 
evaluation, clinical evaluation, and post market surveillance both in the US 
and worldwide [46].  This is a huge burden for the pharmaceutical companies 
considering the cost of developing a new drug which could range from 500 
million to 2,000 million dollars depending on the therapy or the developing 
firm [47]. Figure 3 shows the rapid increase in cost of developing a drug over 
the years both in the preclinical and the clinical phase. The pharmaceutical 
industry has recognized the urgent need to decide in the early preclinical 
development stage when a drug candidate is sufficiently characterized and 
capable to be selected for human testing. This way, greater value can be 
generated while minimizing escalating development costs, this is because 
failure to detect drug toxicities during preclinical testing contributes to drug 
candidate failure during clinical testing. To achieve this goal, proper in vitro 
testing models and assays have to be used at a very early stage to streamline 






Figure 3: The cost of developing a new drug. The estimated cost of drug 
development has been consistently increasing over the years, both in the 
preclinical and the clinical phases [47] 
 
In vitro studies can be designed to identify a lead candidate from 
several hits and develop the best procedure for new drug scale-up. They also 
help for detailed study of the drugs absorption, distribution, metabolism, 
excretion and toxicity (ADMET) which are of fundamental importance for the 
success of the drug [48]. In addition, due to high cost, unavailability and 
ethical concerns of using animal and human models, in vitro platforms are a 
formidable alternative for research in drug development. Compared to animal 
models and cadaveric tissues, the in vitro models are amenable to systematic, 
repetitive, controlled and quantitative investigation of cell or tissue physiology 
in drug discovery and development [49]. In vitro models can be used to assess 
a large number of different combinations of experimental parameters [50]. 
Effective in vitro models can therefore help predict in vivo situations and also 
help elucidate the mechanism of action of those drugs. Figure 4 shows a 
schematic of drug discovery process and the place of preclinical studies.  
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Figure 4: Drug discovery process (Adapted from 
http://www.gsdpharmaconsulting.com) 
 
1.3.2 Importance of drug induced cardiotoxicity and clinical manifestations 
Of all the drugs that have been withdrawn from the market, 
cardiovascular related toxicities remain a leading cause, ranking second after 
hepatotoxicity [51]. In other studies, cardiovascular toxicities ranked as high 
as hepatotoxicity or even higher (Figure 5), this underscores the importance of 
screening drugs for cardiotoxicity during development [46, 52, 53]. Many 
drugs, both cardiac and non cardiac pharmaceuticals can have deleterious 
effect on the heart and patients can present with different symptoms such as 
arrythmias, contractility toxicity, ischaemic toxicity, secondary cardiotoxicity 
(eg induced hypertension) and valve toxicity [54]. Drug induced arrhythmias 
accounts for approximately half of the cardiotoxicities, with torsades de 
pointes (TdP), a potentially life-threatening polymorphic ventricular 






Figure 5: Leading reasons for drug withdrawal from the market [46] 
 
1.3.3. Mechanistic understanding of drug induced cardiotoxicity 
The drug induced alterations are manifest at molecular level, 
electrophysiology and macro-mechanical function of the heart. Majority of 
these alterations are caused by interactions of these drugs with the various ion 
channels and adrenergic receptors found on the cell membrane [55-57]. The 
most commonly affected channel is the 'rapid' delayed rectifier current (IKr) 
also known as human-ether-a-go (hERG) channel. This channel conducts 
potassium (K
+
) ions out of the muscle cells of the heart, and this current is 
critical in correctly timing the return to the resting state of the cell membrane 
during the cardiac action potential [58]. The drugs generally bind to these 
channels and block the passage of potassium ions through them. Certain drugs 
also inhibit the trafficking of these channels to the cell membrane [59]. 
Although the hERG is a major target, other drugs cause cardiotoxicity by 
affecting other ion channels in the heart, especially those channels involved in 
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the action potential generation of the heart [56]. Another major molecular 
player involved in drug induced cardiotoxicity is calcium. Recent evidence 
seems to suggest that calcium homeostasis is a unifying pathway for clinical 
manifestation of most drug induced cardiotoxicity as it is responsible for the 
excitation-contraction coupling of the heart, hence, attention should be paid to 
calcium transients, calcium ion channels, calcium receptors and calcium 
trafficking proteins [60]. The most common manifestation of these alterations 
in vitro are prolonged or reduced action potential duration, reduced calcium 
transients, downregulation or upregulation of receptors and ion channels and 
reduced trafficking of channels to the membrane. Other mechanisms include: 
ATP depletion, disruption of ER integrity, drug-induced apoptosis, oxidative 
stress, mitochondrial toxicity and more recently through alteration of cardiac 
cytochrome P450 (CYP) metabolism [61-63]. These alterations (Fig 6) 
ultimately lead to arrhythmias, cell death and various cardiomyopathies [64] 
and hence, to avoid these, in vitro platforms for study of cardiac physiology 
and pharmacology must be amenable to evaluating these parameters. In 
addition a good in vitro platform must have a network of functionally coupled 
cells while replicating tissue microenvironments with in vivo phenotype of the 





Figure 6: Mechanisms that lead to the development of drug induced 
cardiotoxicity [67]. 
 
1.3.4. Importance of replication of tissue microenvironment in vitro 
  The heart is a highly anisotropic organ which means that its properties 
are dependent on the direction. In the heart, the muscle fibers are arranged 
longitudinally and connect end to end via intercalated disks. They polarize 
their intracellular contractile apparatus and align with neighboring cells to 
facilitate the rapid spread of electrical activation and to increase the force of 
contraction [65]. The proper arrangement of all these structures guarantees 
proper functioning of the heart. Both the electrical sequence of depolarization 
and repolarization, and the mechanical sequence of contraction and relaxation 
depend on the architecture of the heart to be carried out without anomalies 
[68]. Alteration of cardiomyocyte shape, mass or interconnectivity has been 
shown to be related to a number of pathologies [69]. As can be seen in Fig 7, 
extensive deposition of extra cellular matrix (ECM) which leads to fibrosis 





Figure 7: Structure-Function relationship in the heart [69] 
The shape and alignment of the cardiomyocytes in vivo is a result of 
the ECM fiber arrangement in the heart. These collagen fibers with submicron 
dimensions are arranged to form a network of grooves and ridges and thus 
direct the morphology of cardiomyocytes [10]. In tissue engineering, directing 
the cells into the right phenotype and function also requires the 
microenvironment providing the same factors that govern cellular processes in 
vivo [70]. Replicating this microenvironment in vitro not only allows the study 
of individual cells and tissue constructs in a more accurate anatomical state, 
but also provides important cues for inducing proper phenotypic and 
physiologic responses [71]. In vitro experiments have shown that culturing 
cells on grooved substrates restores the cardiomyocyte morphology and 
alignment. This restoration in turn has been shown to increase force of 
contraction, speed of anisotropic action potential propagation, enhanced 
calcium homeostasis, electrical stability and more physiological response to 
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pro-arrhythmic drugs [10, 65, 71-73]. Recapitulating this native milieu is 
therefore necessary for a good in vitro platform for physiological and 
pharmacological study of the cardiomyocytes 
1.4. Cell alignment in microfluidic chips as in vitro tools for biological 
applications 
Microfluidic platforms hold great promise for the creation of advanced 
cell culture models as they enable us to control the local microenvironment 
[74-76]. Microfluidic systems enable temporal and spatial control of 
molecules and cells in the micrometer scale and thus can be used for various 
biological applications such as tissue engineering, drug discovery and 
bioassays [74-76]. The micro-scale of the cell culture means that fewer cells 
and reagents are used, thus reducing cost, and enabling high throughput 
applications. Most microfluidic chips are made from PDMS due to its 
numerous advantages over silicon and glass.  
Poly dimethyl siloxane (PDMS) has been widely used in cell biology 
for microfluidic chips, microfabrication and for studying the effect of stiffness 
on cells [76-78]. PDMS is elastically deformable, non toxic, cheap and 
exhibits excellent optical properties. With respect to microfabrication and 
microfluidic chips, PDMS is the material of choice due to its deformability, 
permeability and ability to be molded to a resolution in nanometer scale [76, 
77]. It can also be covalently bonded to glass by plasma treatment to form a 
sealed microfluidic device. In addition, by varying the ratio of the elastomer 
base and cross linker, PDMS with different elastic modulus can be obtained 
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and used to study the effect of stiffness on cells [76-78]. One major drawback 
of PDMS is that it can absorb small hydrophobic molecules like drugs and 
thus is not ideal for studying drug dose response [77]. Regardless of these 
limitations, PDMS is still widely used in cell biology especially in 
mechanobiology where the effects of the mechanical environment; such as 
topography and stiffness, on cells are studied [76, 77]. Depending on the 
application, the PDMS’ physical and biochemical environment can be 
optimized to meet the need [76, 77]. One of such important features is cell 
alignment. Being able to incorporate grooved PDMS in microfluidic chips 
would be beneficial for cell types like skeletal and cardiac muscle, that way 
the various benefits of microfluidic technology can be harnessed for cell 
culture of the above mentioned cells [79]. 
1.4.1 Embedding micro and nanoscale cues in microfluidic chips 
Despite the numerous benefits of cell alignment in vitro, there have 
been relatively few attempts to incorporate engineered features for aligning 
cells in microfluidic systems [79]. ECM patterning on glass substrates in 
microfluidic devices have been explored in the past [65, 80]. In this case, the 
alignment was produced by geometrically constraining cell attachment and 
spreading to only the desired area. While this technique has proved efficient in 
both static monolayer culture and microfluidic devices, they are limited to 
aligning a monolayer of cells but not 3D constructs [81]. In addition it is more 
challenging in microfluidic chips to ensure proper attachment and confinement 
of cells to the desired regions [79, 81]. Other methods such as electrical 
stimulation have been explored for aligning cells in chips. In one of such 
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studies, the researchers cultured rabbit ventricular cardiomyocytes in a 
microfluidic chip exposed to electrical stimulation to study the contraction of 
cardiomyocytes under stimulation [82]. In another study the researchers set 
out to engineer cardiac tissue-like structure via a combination of 
dielectrophoresis and electro-orientation inside a microfluidic chip (Fig 8) 
[83]. Their results showed that the cardiac cells aligned in the microfluidic 
chip due to the electrical field [83]. 
 
Figure 8: Optical micrographs of cell orientation in the microfluidic 
device. A) Cell randomly distributed when no voltage was applied; B) cells 
only accumulate to the edge for relatively low concentration (2.1×10
3
 cells/ml) 
and low amplitude of applied ac electric field (2 Vp-p); C) a tissue-like 
monolayer was formed between the interdigitated-castellated electrodes for 
5.4×10
4




A number of other cell types such as neuronal cells have also been used to 
study the effect of electrical stimulation in microfluidic chips. Though this 
method is valid, it also requires specialized set-up and skill [84].  
Microfluidic platforms embedded with microgrooves have also been 
used for cell alignment; however a major challenge of making topographical 
cues, such as micro-grooves, a routine feature of microfluidic platforms is the 
high cost of fabrication. Yang et al. proposed a stitching method to generate 
large surface areas of micro-grooved substrate (Fig 9). This consists of pre-
fabricating micro-grooved substrates using photolithography or electron beam 
lithography and then stitching them together [79].  
 
Figure 9: Stitching technique. A) Schematic illustration of stitching 
technique. B) When the stitched mold was embossed into a thick polymer 
substrate, the polymer was squeezed into interstices as indicated by the arrows 
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in the optical image. C) A large area of nanopattern on PS thin film spin-
coated on a 75 mm wafer (the inset optical image). SEM images show both the 
top and cross-sectional views of final transferred PS nanogratings [79]. 
 
Other researchers created aligned and random patterns using [85] in 
polydimethysiloxane (PDMS) microfluidic chips. However, both methods 
require costly or specialized photolithography or electrospinning equipment.  
Methods for creating aligned 3D constructs in microfluidic systems 
have not been demonstrated so far. Most of the cell alignment experiments in 
microfluidic chips have been done in 2D monolayer and hence protocols 
compatible with the implementation of microfluidic 3D cell culture should be 
explored [79, 80]. So far, generation of aligned 3D cellular constructs has been 
developed in static cultures using cell sheet, scaffolds or hydrogels [86-88]. 
Hence, the ability to create aligned 3D culture of cells from anisotropic 
tissues, which require polarity or alignment for proper functioning, will enable 
one to customize microfluidic cell models of these specific tissues and fully 
realize their potential in desired applications, such as drug screening.  
1.5. Current methods used for creating cell alignment in vitro and the 
drawbacks 
To engineer this cell alignment in vitro, (both for microfluidic chips 
and direct cell culture) the most commonly used techniques include: 
Mechanical stimulation (stretch or fluid shear stress), Electrical stimulation, 
Surface chemistry and micro/nanogrooved substrates [89] or patterning of 
ECM molecules with the desired shape on the substrate [90].  
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1.5.1 Mechanical stimulation 
In vivo, cells experience various mechanical cues which are important 
for the structures, compositions, and functions of living tissues [91]. The 
mechanical stimulations can induce physiological or pathological alterations in 
ECM, leading to an adaptive tissue organization. In vitro, the types of 
mechanical stimulations used include stretch, Flow shear stress. 
1.5.1.1 Stretch 
Applying cyclic mechanical stretch to substrates or scaffolds seeded 
with cells is routinely used to align cells [92]. This method has been applied to 
a number of cells such as Mesenchymal stem cells (MSC), Cardiomyocytes, 
Fibroblasts, Smooth muscle cells (SMC) and Endothelial cells (EC). Cyclic 
mechanical stretch applied in vitro (typically, 0.5–2 Hz, 2–20% strain) is 
similar to the periodic mechanical loading seen in skeletal muscle, veins, 
arteries and tendons in vivo. Cells cultured on a 2D substrate that is subjected 
to uniaxial cyclic stretch tend to align perpendicular to the direction of 
principal cyclic strain (i.e., the direction of minimal substrate deformation) [1, 
93-95]. For the cells in 3D scaffolds and hydrogels, stretch-induced cell 
orientation is more complex. For instance, uniaxial cyclic stretch can induce 
alignment at the gel surface but not within the gel [96, 97]. Yet in another 
study, more than 90% of SMCs seeded in fibronectin coated scaffolds made of 
poly(glycolide) and collagen (type I) were aligned after exposure to cyclic 
stretching (7% strain, 1 Hz) for 10 weeks [98]. The reason for this complexity 
could be that other factors such as the contact guidance of the ECM fibers in 
the scaffolds may also affect stretch-induced alignment.  
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Cyclic stretch is dependent on duration, magnitude and frequency. 
With respect to duration, cellular stress fibers have been observed to initiate 
alignment as early as 5 min after mechanical stretch [99]. In another 
experiment with SMC’s, Crouchley et al showed that, SMCs generated stable 
cell alignment within 24 h when subjected to 10–24% strain [100], and this 
alignment of vascular SMCs can be maintained for up to 48 h after removing 
the stretch. Stretch magnitude also affects cell alignment. Cells have been 
shown to align more rapidly under higher stretch amplitudes [101]. However, 
the minimum strain necessary for inducing cell alignment varies from case to 
case. Given that the orientation tendency is to align in the direction of minimal 
substrate deformation, the alignment-force field of cyclic stretch is dependent 
on the mechanical properties of substrates (engineering cell alignment). 
Another factor that determines the efficiency of mechanical stretch is the 
stretch frequency. Higher frequencies (1-2Hz) tend to align cells in shorter 
time (<12 hrs) whereas lower frequencies (0.5 Hz) achieve the same with 
longer duration (>24 hrs) [102]. 
Although it is known that cell alignment generally begins with a 
process of cytoskeleton reorganization, the underlying mechanism for stretch-
induced cell alignment remains elusive (engineering cell alignment). Stress 
fiber alignment is one of the earliest events in cell alignment often responding 
in as little as 5 mins with a resultant polymerization along the direction of the 
minimal substrate deformation. This rapid alignment response of stress fibers 
complete much faster than cell reorientation (more than 3 h) and focal 
adhesions changes. A number of cytoskeletal modifications have been 
observed during SMC reorientation in response to cyclic stretch. These 
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changes include attenuation of stress induced cell alignment with cytochalasin 
D, the formation of cellular pseudopods in the same direction as SMCs 
realignment, and a similar change tendency of F-actin/G-actin ratio [1]. All 
these cytoskeletal reorganization suggest a key role of mechanotransduction, 
which might initiate the down-stream effects of stretch-induced cell alignment 
and greatly determine further stable patterns in the long run. Some molecules 
such as integrin-ß1, p38mitogen-activated protein kinase (MAPK), nitric oxide 
etc. play important modulating role in stretch-induced SMC alignment [1]. In 
addition, cyclic stretch can lead to the secretion of autocrine and paracrine 
growth factors in vascular SMCs, including transforming growth factor-beta, 
vascular endothelial growth factor, platelet-derived growth factor, and 
fibroblast growth factor [1]. However, the relationship between these factors 
and the rapid cell alignment response is still not clear [1]. 
While mechanical stretch can lead to cell alignment, one of the major 
drawbacks of such method is that it can lead to pathological hypertrophy of 
the cells with an induction of the fetal gene program in cardiac cells. It also 
leads to cell apoptosis and arrhythmogenesis. Thus stretch-induced alignment 
may be more suitable for disease modeling [103]. 
1.5.1.2 Fluid shear stress 
Physiological and pathological growth and remodeling of some tissues 
like the cardiovascular tissue are affected by mechanical stimuli, such as strain 
and fluid shear stress [104]. Vascular smooth muscle cells (SMCs), for 
example are contractile cells that participate in the regulation of wall tensile 
stress are arranged in various patterns. A straight blood vessel mainly contains 
circumferentially aligned SMCs, whereas a curved blood vessel, such as the 
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aortic arch, is composed of axially aligned SMCs in regions of convex 
curvature [105]. The vascular endothelium is another example. These cells 
play an important role by sensing the alterations in biological, chemical and 
physical properties of blood flow to maintain homoeostasis [103]. One of the 
physical properties of the blood flow is the laminar shear stress which exerts 
both cellular and molecular effects on endothelial structure and functions 
[103]. This shear stress-induced alignment is also present in vitro. A number 
of scientists have studied the effect of shear stress on the alignment of 
endothelial cells, cardiac cells and smooth muscle cells. One of the earliest 
experiments to report the effect of shear stress on alignment was done with 
SMC’s. In their experiments, Ann Lee et al exposed SMC’s to shear stresses 
ranging from 0 to 20 dynes/cm
2
 and their results revealed that SMC’s 
alignment is dependent on the magnitude of and exposure time to applied fluid 
shear stress [104]. Endothelial cells have also been shown to elongate and 
align with shear stress [103]. Shear stress induces reorientation of the 
microtubule-organizing centre to the leading edge of migrating cells and this 
leads to cytoskeletal alignment [103]. Other molecules such as integrins and c-
Jun N terminal Kinases (JNK) have been implicated in cytoskeletal re-
arrangement produced under shear stress in endothelial cells [106, 107]. Just 
like the mechanical stretch, this method may lead to upregulation of proteins 
which may not necessarily be useful for different cell types. These proteins 
include transcriptional regulators, enzymes, GPCRs (G-protein-coupled 
receptors), cytokines, cytoskeletal and matrix proteins etc. Shear stress 
therefore has profound effects on the molecular response and physiological 
function of the vascular endothelium [103]. 
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1.5.2 ECM Patterning 
ECM patterning is one of the most common ways to control cell morphology 
in vitro. The basic strategy to achieve cell patterning is to fabricate cytophilic 
and cytophobic patterns at the microscale [108]. Cells attach to the cytophilic 
regions and take the shape of the preadsorbed ECM proteins [109]. The 
microcontact printing can either be “positive patterning”, where ECM 
molecules are stamped on hydrophobic surfaces or “negative patterning” 




Figure 10: Micropatterned myocytes on triangular ECM islands. The 
image shows a triaxial alignment of myofibrils as revealed by fluorescence 
microscopy of actin (A) and sarcomeric α-actinin stains (B). XZ projections of 
the confocal stack show that these myocytes adopt a similar, pseudo 2D 




This method has been used for many cells including cardiomyocytes, 
endothelial cells, stem cells etc and the cells can be made to take any desired 
shape (Fig 10) [110].   Although this can be used for cell alignment, this 
method faces a number of challenges. The chemical modification of the 
surface can be cumbersome [81], lack of homogeneity in the thickness of 
deposited ECM layer would affect the mechanical and chemical properties of 
the material [111] and it is difficult to precisely control cell-adhesive ligand 
density. This last problem is mainly due to the poor transfer efficiency and the 
deterioration of adsorbed protein over time [108]. Furthermore, it is 
challenging to achieve single-cell positioning on each pattern without cells 
adhering to the background. A lot of research lately has been directed towards 
enhancing attachment of cells to the pattern [108]. Despite the benefits of 
controlling cell shape through patterning, the effect of patterning over a long 
period of time is still not fully elucidated. Some studies have shown an 
increase in apoptosis [112]. In other studies the cells spread and extended 
beyond the boundaries of the patterned areas over time. In addition, only few 
studies have assessed gene expression and differentiation of cells on patterned 
substrates [108]. 
1.5.3 Electrical Stimulation 
Cells within an electrical field change their morphology and in turn 
align perpendicular to the applied direct current [113, 114]. This method has 
been used in vitro for cell alignment with a variety of cell types such as 
fibroblasts, neuronal cells and cardiac cells. The cytoskeletal re-arrangement 
of cells in response to electrical stimulation is both dependent on electric field 
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and cell type. Just like stretch induced cell alignment, the electric field 
strength affects the speed and efficiency of cell alignment. In an experiment 
that compared the rate of alignment with field strength, the researchers found 
that with a field of 0.4V/mm, human skin fibroblasts aligned within 3 hours, in 
contrast, the cells aligned in about 24 hours with a field strength of 0.1 V/mm 
[115]  Different cell types also respond differently to electric stimulation. 
Cardiac and neuronal cells seem to respond easier and faster to electrical 
stimulation than other cell types. In an experiment, rat neural cells (PC-12) 
aligned and elongated perpendicular to a 7 V/cm field for 1 h, whereas MSCs 
did not show alignment when placed within the same field for the same time 
duration [116, 117]. Electrical stimulation changes the voltage gradients that 
neurons maintain across their membranes and this triggers neuronal responses 
such as migration and alignment [118]. For cardiac cells, electrical stimulation 
has been shown to lead to a synchronized contraction of cardiac muscle cells 
[119]. In addition, electrical stimulation leads to alignment, reduced excitation 
threshold, increased maximum capture rate, increased amplitude of contraction 
and a more mature phenotype in general [120]. Though an increasing number 
of studies have focused on inducing cell alignment with electrical field, the 
mechanism by which EF induces alignment remains unclear. In addition, 
electrical stimulation requires specialized equipment, making it difficult for 
routine use. Figure 11 shows an example of alignment with electrical 




Figure 11: C2C12 alignment within GelMA hydrogel with topography 
and electrical stimulation. A) Schematic representation of the procedure to 
fabricate a grooved topography within the GelMA-CNT hybrid gel (0.3 mg/ml 




Micro/nanogrooved substrates constitute physical methods of 
regulating cell function without involving biomolecules [108]. Substrate 
topography provides a biomimetic cell-stimulating cue, because cells in vivo 
contact textured not smooth interfaces [108]. Basement membranes of various 
tissues are composed of complex mixtures of nanoscale (5–200 nm) pits, 
pores, protrusions, striations, particulates, and fibers [3], hence fabricating 
grooved substrates is a desired feature of cell culture [10]. With respect to the 
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use of micro/nano grooves, these substrates have been explored over the years 
for orienting/aligning cells in a particular direction for tissue engineering [89]. 
Cells align along the grooves by “contact guidance” which occurs when a cell 
assumes a corresponding orientation and moves along the line [122, 123]. It 
has also been shown that the focal adhesion complexes are formed within the 
grooves [124]. Many methods have been used to generate grooves (Fig 12); 
one of the earliest methods for making grooves for cell culture was done by 
D.M. Brunette [122].  
 
Figure 12: Comparison of different molding processes. A) Injection 
molding (NIL). B) Hot embossing or nanoimprint lithography. C) UV NIL. D) 
Soft lithography. E) Solvent-assisted molding. F) Reversal imprinting or 
transfer molding. G) Multilayer printing: “duo-mould” approach. The 




In his experiments, the grooves were produced in silicon wafers by 
micromachining, a process which is based on the methods used to fabricate 
microelectronic components, and the grooved surfaces were then replicated in 
epon [122]. Another method used for creating grooves is by laser-irradiation. 
Studies have shown that grooves can be generated on different surfaces such 
as Polystyrene (PS) and PDMS using laser irradiation. When cells are cultured 
on these surfaces, they align along the direction of the grooves [126, 127]. 
Another method-UV embossing is a technique which offers many advantages 
such as rapid processing, low cost and good dimensional replication. It 
involves using polymers films coated with an UV-curable polyester resin, then 
imprinted with an embossing material containing the micro/nanopattern and 
subsequently photo polymerized [128, 129]. Nanoimprint lithography is a 
more recent development, it uses compression molding to create a thickness 
contrast pattern in a thin resist film coated on a substrate [43, 44, 130]. This is 
followed by anisotropic etching to transfer the pattern through the entire 
thickness of the resist. Electron-beam lithography another relatively new 
technology involves fabrication of grooves on electron beam mask plates 
which are further cut with a diamond saw [43, 44, 131].Though these methods 
can been used to achieve nanoscale resolution, they involve costly clean-room 
equipments, lengthy procedures and highly skilled labor and protocols. Table 






Table 2: Cost of ownership of photolithographic equipment [132] 
Technology Tool Cost Fixed/Recurring 
cost 
Throughput 
 $M $/Hr W/Hr 
193 Optical binary 
mask 
9.5 1432 35.8 
157 Optical binary 
mask 
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The high cost of acquiring these machines makes it difficult for labs to 
explore the various applications of alignment in vitro. Cheaper alternative 
methods of producing micro-grooved substrates have been developed, such as 
micropatterned surfaces ground with abrasives [24] or using metal wrinkles 
[71]. The metallic wrinkle (Fig 13) is a tunable, rapid, robust, and inexpensive 
non photolithographic fabrication method to create cell culture substrates with 
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controllable nano- and microscale cues [71]. The grooves were created by 
leveraging the mismatch in stiffness between a prestressed polymer sheet and 
an overlying thin metal film [71]. When the plastic sheet retracts upon heating, 
the stiffer metal film buckles in a controllable manner causing wrinkles. The 
authors were able to achieve controllable heterogeneous wrinkle length-scales 
based on varying thickness of metal coating on prestressed polystyrene (PS) 
sheets [71]. Coating thicknesses ranged from 15 to 90 nm, with all thicknesses 
generating wrinkles ranging from 20 nm to 10µm and average wrinkles 
thicknesses ranging from 800 nm to 1µm and increasing proportionally with 
coating thickness [71]. The abrasives grinding also presents an easy, simple, 
and low-cost method for aligning cells, utilizing surfaces with micro-scale 
features fabricated by grinding with abrasives [24]. Rectangular iron blocks of 
which the surface had been finished with a surface grinder were ground with 
abrasives at a pressure of approximately 0.4 kg/cm
2
 along a straight rail to 
fabricate linear patterns [24]. Different kinds of abrasives such as sand papers 
were used to control the sizes of the microscale features. The iron blocks were 




Figure 13: Fabrication and characterization of multiscale wrinkle 
substrate. A) (I) Metallic layer is deposited on PS prestressed sheet. (II) PS is 
induced to thermally shrink while constrained from opposite sides to generate 
aligned anisotropic wrinkles. (III) The metal wrinkles are used as a soft 
lithography mold to generate a PDMS substrate (IV), which is used to culture 
CMs. B) Scanning electron micrographs (SEMs) of metal wrinkles (with high-
resolution inset) and PDMS substrate. C) The length scale distribution from 
Fast Fourier transform of SEM images. Inset shows high degree of anisotropy, 
as quantified by D) computing a histogram of gradient orientations (thick 
lines) and standard deviation (thin lines) [71]. 
 
Although these techniques are inexpensive, they still require some 
level of skill, and are not scalable for high throughput or large scale culture. In 
addition, the dimensions on the grooves are usually not uniform [81]. In order 
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to make cell alignment a routine feature of cell culture, commercially available 
optical media are explored as cost effective, scalable platforms with 
micro/nano grooves for cell culture.  
1.6 Commercially available optical media  
Commercially available optical media are optical devices with periodic 
structure, which is able to split and diffract light into several beams travelling 
in various directions (Fig 14).  The directions of those beams will depend on 
the spacing of the grating and the wavelength of the light so that the grating 
acts as a dispersive element. Diffraction is observed when the phase of a wave 
front of light is changed by a partial obstruction such as a slit; this changes the 
direction of the light. Those gratings are usually employed in spectrometers, 
holograms, optical storage mediums and monochromators. Diffraction 
gratings can be generated mechanically or holographically [133].  
1.6.1 Mechanically Ruled Gratings  
The first method and the preferred method for producing diffraction 
gratings was to use a diamond cutting tool to make grooves up to 30,000/inch 
(12,000/cm) [133]. To obtain a master grating using this method, the metal-
coated grating blank is mounted on a carriage and a diamond cutting tool is 
mounted above the carriage. The cutter repeatedly moves across the blank 
cutting grooves. The master grating produced by this method is not commonly 




1.6.2 Holographically Ruled Gratings  
This is a newer method for producing gratings; the major difference is 
that the blank is coated with a photoresist instead of a metal [133]. A laser 
beam generates an interference pattern which consists of alternate lines of 
light and dark, and the coated blank is exposed to it. This ensures that the 
photoresist is exposed to different intensities of light at different points on its 
surface. After developing, the photoresist is washed away in proportion to the 
extent of this exposure, forming grooves. The grooves formed by this method 
usually have a sinusoidal shape in cross-section [133]. 
1.6.3 Replication of the gratings  
To make this process cost effective, both holographically and 
mechanically ruled gratings can be replicated. This process involves covering 
the ruled surface by a thin film of epoxy [133]. Another blank is fitted on top 
of the epoxy layer and allowed to cure. After curing, the two blanks are pulled 
off. Both mechanically ruled and holographically ruled gratings can be 
replicated using this method [133].  
The most common examples of these optical media are CD and DVD. 
Both are made from polycarbonate and the patterns are drilled in the form of a 
single spiral track [134]. The DVD has two joined layers of polycarbonate 
surface which could be dislodged by applying force between them. The 
periodicity of the CD is about 1500 nm while the DVD-R is 800 nm [134]. 
Diffraction gratings can also be purchased from optic companies. They consist 
of large numbers of equally spaced parallel slits ranging from a few hundreds 
to thousands per centimeter. They can be made from different materials such 
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as polyethylene terephthalate or glass [135]. A number of studies have 
explored using these optical media to generate submicron-scale color patterns, 
print ECM tracks or imprint other polymers such as PDMS, collagen 
membranes and silk films [134-137].  
 
Figure 14: Examples of Optical media. A) Holographic diffraction grating 
film. B) Reflective ruled diffraction grating. C) Optical storage medium. 
Adapted from www.edmundoptics.com 
 
1.7 Use of optical media in biological research 
A few studies have explored the use of commercially available optical 
media as templates for forming microgrooves on different materials such as 
collagen membranes, Silk films and PDMS [135, 137]. In one of these 
experiments, micro-grooved collagen membranes fabricated using optical 
gratings were used to culture human dermal fibroblasts (HDFs) and human 
umbilical artery smooth muscle cells (HUASMCs) [135]. Collagen hydrogels 
were air-dried onto microgrooved templates and removed after they had 
formed films/membranes [135]. The templates were made from commercially 
available grooved materials—vinyl phonograph records (PRs), plane-ruled 
diffraction gratings (PRDGs) (Fig 15). The grooved CMs were highly 




Figure 15: Illustration of profiles of grooved templates viewed at right 
angles to the long axes of the grooves. Dimensions of the profiles are not in 
scale [135]. 
 
In a similar study, reflective diffraction gratings were used to form grooves 
in PDMS and this in turn was used as a mold for obtaining micro-grooved silk 
films [137]. Human corneal fibroblasts cultured on the silk films responded by 
aligning along the direction of the grooves [137].  Though these commercially 
available optical media have been used for patterning other polymers, to the 
best of our knowledge, there has been no report of direct cell culture on these 
optical media. In addition, their use has not been explored for microfluidic or 
other high throughput applications. In this study we exploit the various 
advantages of commercially optical media for biological applications. Some of 
the benefits are highlighted below:  
 A standard size CD-R or optical grating costing between 1-5 USD can 




 The materials of the optical media, polycarbonate (CD-Rs and DVD-
Rs) and polyester (optical gratings), have been shown to support cell 
culture [138, 139].  
 The dimensions fall within the published range for producing cell 
alignment in vitro [43].  
 They do not require costly clean room equipments or lengthy 
protocols.  
 They are transparent making biological imaging feasible on the 
substrates.  
 There has been no report on direct culturing and alignment of cells on 
these optical media or its use for large surface area PDMS for 
microfluidic chips.   
In this study, we demonstrate that the optical media can directly support 
cell attachment, growth, alignment and differentiation. We also show its use as 
molds for patterning PDMS used for both 2D and 3D microfluidic cell culture. 
Finally we show that these commercially available optical media can serve as 
platforms for cardiotoxicity drug screening, as they are not only scalable for 
large scale and high throughput studies, but also amenable to the various tests 
required in drug screening. Commercially available optical media can 
therefore be exploited as a scalable and cost-effective source of micro-grooved 
cell culture substrates. This will allow researchers to incorporate cell 
alignment for routine culture of cardiac, skeletal or neuronal cells to support 
cell and tissue research and drug testing applications.   
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CHAPTER 2: OBJECTIVE AND SPECIFIC AIMS 
The thesis aims to propose a cost effective and scalable platform for 
the various applications requiring cell alignment in vitro. As highlighted 
previously, cells respond to their physical environment and by engineering a 
more physiological microenvironment, differentiation and maturation of 
certain cell types can be enhanced in vitro. An important feature which has 
been shown to be beneficial for a number of cell types is grooves in the 
underlying substrate, though this has been proven important for many cell 
types, making it a routine feature for cell culture has not yet been achieved. 
This is mainly due to the cost of fabrication and the specialized equipment and 
skill needed. To address this problem, we show that commercially available 
optical media can serve as platforms for direct culture of cells. We show that it 
can be customized to be used for differentiation, maturation, mechanobiology 
studies and as a platform for drug screening. In addition, we explore its use as 
a mold for patterning large surface area of PDMS which can be incorporates 
into microfludic chips.  
MAIN HYPOTHESIS 
Nano/Microgrooved substrates from commercially available optical media 
serve as molds for large scale patterning of PDMS used in microfluidic chip 
and also provide a biomimetic in vitro platform for differentiation, maturation 
and pharmacological studies involving skeletal, cardiac and neuronal cells 
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2.1 Specific Aim 1: Harnessing nanogrooved commercially available 
optical media as platforms for aligning cardiac, skeletal and neuronal 
cells in culture  
2.1.1 Objective: 
This section investigates the feasibility of using nanogrooved commercially 
available optical media as substrates to act as topographical cues for aligning 
cells in culture. It also investigates effects of alignment on proliferation and 
maturation of various cells. This would provide a cost effective and readily 
available substrate for tissue engineering application 
2.1.2 Experimental design 
1) Optimize preparation of commercially available optical media as 
substrates for cell culture 
2) Characterize optical media’s surface using AFM, SEM 
3) Make surface amenable for cell culture by various treatment methods: 
Plasma treatment, ECM coating, chemical conjugation of ligand 
4) Cell culture of H9C2, PC12, C2C12 and Primary rat hepatocytes 
5) Analysis of proliferation, alignment, immunostaining and gene 
expression of cultured cells 
2.2 Specific Aim 2: Engineering scalable 2D and 3D cellular constructs of 





Extending from specific aim 1, this section explores the usefulness of the 
commercially available gratings as molds for replica molding of large surface 
areas of PDMS. The nanogrooved PDMS are subsequently used in 
microfluidic chips to generate 2D and 3D cellular constructs of aligned 
skeletal myoblasts. This provides a scalable method for engineering 
microfluidic chips with embedded nano/microscale cues 
2.2.2 Experimental design 
1) Generation of large surface area of micro-grooved PDMS using optical 
media as mold 
2) Physical characterization of PDMS using SEM and AFM 
3) 2Dand 3D microfluidic chip setup 
4) Cell culture using C2C12 myoblasts for both 2D and 3D 
5) Analysis of myoblast and myotubes alignment in microfluidic chip 
2.3 Specific Aim 3: Developing a high throughput in vitro platform for 
physiological and pharmacological study of neonatal rat cardiomyocytes 
2.3.1 Objective: 
This section explores the utility of the biomimetic platform to restore 
cardiomyocyte morphology, enhance their function and increase their potential 
for drug screening applications 
2.3.2 Experimental design: 
1) Isolation and culture of neonatal rat cardiomyocytes 
2) Morphological and molecular characterization of rat cardiomyocytes 
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3) Electrophysiological characterization of rat cardiomyocytes 




CHAPTER 3: HARNESSING NANOGROOVED COMMERCIALLY 
AVAILABLE OPTICAL MEDIA AS PLATFORMS FOR ALIGNING 
CARDIAC, SKELETAL AND NEURONAL CELLS IN CULTURE 
This chapter discusses the feasibility of using nanogrooved 
commercially available optical media as substrates to act as topographical cues 
for aligning cells in culture. It explains the steps taken to make the 
commercially optical media amenable for cell culture, and the various surface 
modification techniques for different cell types. It also investigates effects of 
alignment on proliferation, differentiation and maturation of various cells.  
3.1. Introduction 
Cells in many organs are presented with different topographical 
features by the respective extracellular matrix (ECM) in their basement 
membrane [140]. The basement membrane consists of ECM components such 
as glycosaminoglycans, fibrous proteins like fibronectin and collagen, growth 
factors and cytokines anchored on ECM fibers, hyaluronic acid, laminin etc. 
displaying unique features of pores, fibers and ridges in the scale of 
nanometers [113]. The arrangement of these ECM molecules presents 
morphological and differentiation cues to the cells lying on them. A good 
example is the heart in vivo which is a highly anisotropic organ, and the 
cardiomyocytes in the heart are aligned because of the parallel arrangement of 
the collagen fibers [10].  
             Just as these topographical cues regulate biological processes in vivo, 
presenting cells with topographical features in vitro can also affect cellular 
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morphology and differentiation capabilities [110]. Cell alignment in vitro can 
be achieved either through micropatterning ECM molecules into line 
geometries [110] or by creating grooves and ridges on the substrates [10]. 
Published reports have shown that grooves and ridges with dimensions 
ranging from 35 nm to 25 µm in width and 14 nm to 5 µm in depth can induce 
cell alignment [43, 131]. This cell alignment has been used for various 
applications such as engineering muscle tissues [89], stem cell differentiation 
[2], mechanobiology studies [124], cell proliferation [3, 44], and ECM 
production [141]. In an interesting study, researchers have shown that 
topographical cues from micro-grooved substrates alone were sufficient to 
direct the switch of stem cells towards a particular cell fate such as neuronal or 
myogenic pathways without the aid of specific induction growth factors [4, 
18].  Other cell types such as cardiomyocytes and skeletal myocytes exhibit a 
more mature functional phenotype when they are aligned in culture [19, 120, 
142]. Replicating this aligned cellular structure in vitro can therefore be used 
for applications such as models to study differentiation, for functional 
electrophysiological studies of the cardiac muscle [143], and as in vitro 
ensembles for pharmacological studies and drug screening platforms [65].  
Current technologies used to fabricate micro/nanogrooved substrates 
for cell culture include: photolithography, electron beam lithography, 
nanoimprint lithography, electrospinning and UV embossing [43, 132]. 
Besides the high cost of fabrication, these techniques involve lengthy 
procedures, specialized clean room facilities, highly skilled labor and are 
technically challenging to scale up to large surface areas [79]. Hence, despite 
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the various advantages of aligning cells in culture, the challenges greatly limit 
the translation of interesting findings relating cell alignment to cell function 
into practical and routine cell culture applications. 
Here, we propose that commercially available optical media such as 
CD-R, DVD-R, and optical gratings, present a readily available source of 
nano/micro-grooved substrates that fulfills the needs of aligning cells in a 
cost-effective manner. A standard size CD-R or optical grating costing 
between 1-5 USD can produce enough micro-grooved cell culture inserts for 
seven 24-well plates. The materials of the optical media, polycarbonate (CD-
Rs and DVD-Rs) and polyester (optical gratings), have been shown to support 
cell culture [138, 139], and the dimensions fall within the published range for 
producing cell alignment in vitro [43]. Although some forms of the optical 
media have previously been used to pattern other polymers for cell culture 
[135, 137], there has been no report on direct culturing and alignment of cells 
on these optical media.  Therefore we demonstrate here that the optical media 
can directly support cell attachment, growth, alignment and differentiation. 
Commercially available optical media can therefore be exploited as a scalable 
and cost-effective source of micro-grooved cell culture substrates. This will 
allow researchers to incorporate cell alignment for routine culture of cardiac, 





3.2. Materials and methods 
3.2.1. Cell lines 
All the cell lines used were below passage 20. They include H9C2, 
C2C12 and PC12 cells from ATCC.  
3.2.2. Processing of CD-R/DVD-R/ and optical gratings for cell culture 
Three examples of commercially available optical media include CD-R 
(Imation, Singapore), DVD-R (Verbatim, Singapore) and optical grating 
(Edmund optics, Singapore). For the CD-Rs, the label, acrylic and the 
aluminum layers on top were peeled off with an adhesive tape to expose the 
polycarbonate layer. For the DVD-R, we peel off the top cover layer to expose 
the grooved polycarbonate layer in the middle for further processing and cell 
culture. The exposed polycarbonate surfaces of CD-Rs/DVD-Rs were cut into 
pieces (1 cm X 1 cm), so that they can fit in 24-well plates. For the optical 
gratings, 13mm diameter pieces were punched out using a metal punch 
(Helmold, Ilinois USA). CD-R/DVD-R and optical grating pieces were then 
treated with absolute methanol for 1 hour, sonicated for 30 min and then 
rinsed with DI water to remove any dust particles and chemicals, especially 
the organic dyes in case of optical discs. The optical media pieces were 
sterilized by treating with 70% ethanol for 1 hour, and rinsed with sterile DI 
water or autoclaved at 105 ºC for 21 mins. The optical media pieces were then 
placed in a well plate to complete "Gratings in a dish" device. The substrates 
will be made available through Bio-Byblos (Taiwan, ROC) as Vivoalign™. 
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3.2.3. Surface characterization by Atomic Force Microscopy (AFM) and 
Scanning Electron Microscopy (SEM) 
SEM/AFM samples were prepared by cutting appropriate sizes of the 
optical media. For  SEM,  the  samples  were  viewed  with  a  JSM  5600  
scanning  electron microscope (Jeol, Japan) at 5 kV. Prior to imaging, the 
gratings were sputter-coated with platinum for 60s. For CD-R samples with 
0.1% gelatin, the protein was fixed by glutaraldehyde and serially dehydrated 
with ethanol before SEM was done. Atomic force microscope, DI Nanoscope 
Dimension 3100 (Digital Instruments, USA) was used in tapping mode to 
identify the groove features on the optical media.   
3.2.4. Nano indentation to determine Young’s modulus 
The mechanical test for the gratings was performed with a nano-
indentation system [45] at ambient temperature. Superglue was used to attach 
specimen to the stage. A Berkovich diamond indenter with depth-control 
method was used during the nano-indentation test. The maximum depth was 
fixed at 1 µm for indentation tests across all the samples. Both loading and 
unloading rate were 0.1 mN/sec and the dwelling time at the maximum load 
was 60 seconds. Each indent was of size 100 µm.   
3.2.5. Plasma treatment to render the surface hydrophilic 
 The CD-R/DVD-R and optical grating cell culture inserts were plasma 
treated for 3 minutes using the plasma machine (FEMTO, CUTE-B, South 
Korea) and then soaked in ethanol for 30 min. After the ethanol treatment, 
they were rinsed three times with PBS before coating with ECM for 
experiments with PC12 cell lines. 
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3.2.6. Water contact angle measurement of the surface  
Five microliter of DI water was pipetted on the gratings surface in a 
random orientation.  Water contact angles were measured with a goniometer 
(Contact Angle System OCA 30, Data Physics Instruments GmbH, Germany) 
using the SCA20 software. 
3.2.7. ECM coating of CD-R/DVD-R and optical gratings 
After plasma treatment, 10 µg/ml of laminin (354232, BD biosciences, 
Singapore) was used to coat the gratings for 1 hour in the case of PC12 cells. 
A solution of Fibronectin (F1141, Sigma-Aldrich, Singapore) and Gelatin 
(G1890, Sigma, Singapore) was used for HL-1 cells while the other cell types 
(H9C2, 3T3 and C2C12) did not need ECM coating. 
3.2.8. Conjugation of RGD on PET film 
The conjugation of RGD on PET film was undertaken as previously 
reported [144]. Briefly, after argon plasma treatment and UV induced 
deposition of poly-acrylic acid, PET film (12 mm in diameter) was placed into 
a 24-well plate for conjugation of RGD using 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) and N-Hydroxysuccinimide 
(NHS) cross linking. 0.2 mg RGD in 100 ml phosphate buffer (0.1 M, pH 7.4) 
was added into each well, respectively. The conjugated film was sterilized by 
soaking in 70% ethanol for 3 h and then rinsed 3 times with phosphate 
buffered saline (PBS, pH 7.4). 
3.2.9 Rat hepatocyte isolation and culture 
Primary hepatocytes were harvested from male Wistar rats weighing 
250–300 g by a two-step in situ collagenase perfusion method [144]. 200–300 
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million cells were isolated from each rat with viability >90% as determined by 
the Trypan Blue exclusion assay. Freshly isolated rat hepatocytes (0.18 million 
cells per well) in 500 μl William’s E culture media were seeded on the PET 
films conjugated with RGD in 24-well plates. Hepatocytes were cultured in 
William’s E media, supplemented with 1 mg/ml bovine serum albumin (BSA), 
10 ng/ml of epidermal growth factor (EGF), 0.5 mg/ml of insulin, 5 nM of 
dexamethasone, 50 ng/ml of linoleic acid, 100 U/ml of penicillin and 
100 μg/ml of streptomycin. Culture medium was changed daily. 
3.2.10. Picogreen assay 
H9C2 cells were seeded at a density of 13,000 cells/cm
2
 and allowed to 
attach for 1 hour on the tissue culture plastic (TCP) and both the grooved and 
flat surfaces of the optical media used. After 1 hour, unattached cells were 
washed off with PBS; the optical media pieces were taken to new wells and 
cells were lysed with 0.1% SDS, 500 microliters per well. The assay was 
performed with the Quanti-iT™ PicoGreen® dsDNA kit (P11495, Invitrogen, 
USA). A standard curve was established with known cell number of H9C2 
cells. 
3.2.11. Alamar Blue assay 
H9C2 cell growth over 5 days was monitored using the alamarBlue
® 
Cell Viability Assay Protocol (DAL1100, Invitrogen, Singapore). Cells were 
incubated with 10% alamarBlue
®
 in culture media (vol/vol) for 2 hours on 
days 1, 3 and 5 and the fluorescence was measured with the Infinite M1000 
plate reader (Tecan, Switzerland) with absorption wavelength at 560 nm and 
emission wavelength at 590 nm. Fluorescence intensity values for days 3 and 
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5 were normalized to the fluorescence intensity for day 1 as an indication of 
the relative cell number compared to the number of attached cell on day 1. 
3.2.12. RNA isolation, cDNA synthesis and qPCR analysis 
Cells were lysed using RLT buffer from Qiagen. Cell lysate was 
collected and RNA isolation was done and total RNA was reverse transcribed 
to cDNA according to manufacturer’s protocol. Custom designed primers for 
cardiomyocytes (Supplementary table 1) and already published primers for 
C2C12 cells [19] were used for the quantitative PCR and the reactions were 
performed using both Roche lightcycler and Bio-Rad real time system. 
Analysis of each gene was performed using the relatively quantitative ∆∆CT 
method. Transcript levels were first normalized to the housekeeping gene 
GAPDH and expressed as relative level to that on the flat surface. 
3.2.13. Differentiation of H9C2 cells 
The H9C2 is a cell line derived from embryonic rat heart tissue and is 
widely used to study the rat physiology and cardiotoxicity. The cell line can 
differentiate into both skeletal and cardiac muscle. Upon addition of all-trans 
retinoic acid and reduction of serum content, the H9C2 cell differentiates into 
cardiac lineage [145]. The H9C2 cells were seeded at a density of 13,000 cells 
per cm
2
 containing 1 cm x 1 cm square pieces of CD-R and DVD-R. After the 
cells attained confluence about 2 days after seeding, the cells were treated with 
1 µM of all-trans retinoic acid (R2625, Sigma Singapore) daily for 5 days. At 
the end of the 5 days, the RNA isolation and gene expression was carried out 
and cells fixed for immunostaining. 
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3.2.14. Differentiation of C2C12 cells 
The skeletal myoblast cell line C2C12 cells were seeded at a density of 
25,000 cells per cm
2
, in the 24-well plates containing 1 cm x 1 cm square 
pieces of CD and DVD, and grown in the proliferation medium that consists of 
DMEM (Gibco
®
, 31600, Invitrogen, Singapore) low glucose with 10% fetal 
bovine serum (FBS) (Gibco
®
 16000, Invitrogen, Singapore). After 2 days, (90-
100% confluence) the medium was switched to differentiation medium which 
contains 1% FBS and 1% insulin-transferrin-sodium selenite (Gibco
®
, 41400, 
Invitrogen, Singapore) [19], and was changed daily for another 3 consecutive 
days. At the end of the 3 days, the cells were fixed for myosin heavy chain 
(MHC) and F-actin. In addition to immunostaining, RT-PCR of skeletal 
muscle specific genes was carried out. Fusion index was calculated as the 
fraction of total nuclei present inside myotubes (nuclei ≥ 2). 
3.2.15. Differentiation of PC12 cells 
The PC12 cell line is derived from a pheochromocytoma of a rat 
adrenal medulla. Upon addition of nerve growth factor, they differentiate into 
neuronal like cells. The PC 12 cells were seeded at a density of 7,500 cells per 
cm
2
 in 24-well plates containing 1 cm x 1 cm square pieces of CD and DVD 
and cultured in DMEM high glucose with 10% Horse serum (HS) and 5% 
FBS. After 24 hours, the medium was switched to DMEM high glucose with 
1% HS and 0.5% FBS with 50 ng/ml of Nerve growth factor (NGF) (480352, 
Calbiochem
®
, Merck Millipore, Singapore). The cells were fixed for 
immunostaining after 48 hours of culture. 
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3.2.16. Immunofluorescent assessment of differentiation markers and F-Actin 
Cells were fixed with 3.7% PFA for 10 minutes at 37ºC, permeabilized 
with 0.1% Triton-X 100/PBS for 30 minutes at room temperature and blocked 
with 2% bovine serum albumin for 2 hours at room temperature. Washing 
after each step was performed with 0.1% Triton-X 100/PBS three times at 10 
minutes each.  
          All incubations with primary antibodies were performed overnight at 
4ºC. Working primary antibody concentrations were as follows: 1:200 for 
mouse anti alpha sarcomeric actinin (A7811, Sigma, Singapore), 1:200 for 
mouse anti myosin heavy chain (clone MY32, M4276, Sigma, Singapore). 
After primary incubation, samples were washed three times as explained 
above and incubated with secondary antibodies for 1 hour at room 
temperature. The dilution used for secondary antibody was 1:250 Alexa 
Fluor® 546 Donkey anti mouse IgG (H+L) (A100436, Invitrogen, Singapore). 
Alexa fluor phalloidin 488 (A12379, Invitrogen, Singapore) was added during 
the secondary antibody incubation for F-actin visualization. The samples were 
washed three times and counter stained with DAPI (D9542, Sigma, Singapore) 
at 1 µg/ml for 10 minutes at room temp. After washing, the samples were 
mounted (DAKO fluorescence mounting medium, Agilent technologies, 
Singapore) and imaged with a confocal microscope (Olympus FV1000).   
3.2.17. Quantification of nucleus and cell orientation 
Two-dimensional Fast Fourier Transform (2D FFT) turns spatial 
information of images into frequency domain and is used to analyze 
anisotropy in cells, ECM fibers, tissues and biomaterials [146, 147]. To 
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analyze the anisotropy, the long to short axis of the ellipse generated by the 
2D FFT was used as an index [148]. In addition, the nuclei alignment angle 
which is the orientation of the major elliptic axis of the nucleus with respect to 
the horizontal axis was measured using ImageJ software and used to evaluate 
overall cell alignment [86]. For this analysis, the nuclei alignment angles were 
normalized to the mean nuclei angle for each sample and the percentage of 
nuclei within 20º of the mean was calculated [86]. 
3.2.18. Quantification of cell area  
An ImageJ plug-in was used to analyze projected cell dimensions. For 
this analysis, H9C2 cells were sparsely seeded at very low density 3-5,000 
cells per cm
2
 and cultured for 2 days. Afterwards, cells were fixed and stained 
for nucleus (DAPI) and F-actin (Phalloidin) as described above. These images 
were obtained using a confocal microscope and analyzed using ImageJ 
software. Plug-ins to analyze cell area, long axis and short axis were used to 
obtain data from four different sets. 
3.2.19. Statistical analysis 
Statistical differences were performed using GraphPad prism 5 
(GraphPad Software Inc. California, USA). For cell attachment and cell 
growth studies, analysis was performed using one way analysis of variance 
followed by bonferroni’s multiple comparison tests. For the long to short axis 
index, a column statistics was performed, comparing the values to a 
hypothetical value of 1. For the gene expression studies, paired t-test studies 




3.3. Results and discussion  
3.3.1. Preparation and characterization of the optical media 
Since the intended applications of commercially available optical 
media are for data storage and spectroscopy, it is important to process them to 
be cell culture compatible. Briefly, the optical media need to be stripped of 
any metal coatings and organic dyes to expose the micro-groove polymeric 
substrate (Fig 16). It is important to note that the CD-R and DVD-R used in 
this study are different from the conventional CDs (compact discs) or DVDs 
(digital versatile discs) that come with stored data, where the surface 
topography is completely different from the CD-Rs/DVD-Rs. The CDs/DVDs 
are molded from a master, which transfers the digital data in the form of pits 
and lands on the polycarbonate surface. While in case of CD-Rs/DVD-Rs, the 
spiral pre-groove (named so because it's molded before any data are written on 
the disc) is molded from a metal stamper. The pre-groove helps to guide the 
laser beam while writing and reading data. We have exploited this pre-groove 




Figure 16: Preparation of the optical media. A standard sized CD-R or 
optical grating can produce enough nano/microgrooved cell culture insert for 
up to seven 24 well plates. 
 
To characterize the optical media, we first performed an SEM and 
AFM to analyze the topography of the surface. The top view SEM of both the 
gratings and optical disc revealed a regular grooved pattern (Fig 17 A-C). This 
grooved pattern ran along the short axis of the rectangular optical grating and 
ran in concentric circles (pre-grooves) on the CD-Rs and DVD-Rs. In 
addition, SEM image of fibronectin/gelatin coated CD-Rs was taken to assess 
if the grooves were preserved even after the coating (Supplementary Figure 
1A). The results revealed that the coating was thin enough to preserve the 
pattern of the grooves. The AFM image showed the profile and dimension of 
the optical media (Fig 17 D-F). The DVD-R exhibited a repeating trapezoid 
profile with a pitch of 800 nm and depth of 200 nm. The CD-R has a sine 
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wave form, with a pitch of 1.6 µm and a depth of 100 nm; the optical grating 
also exhibited a sine wave form with a sharper apex than the CD-R. The pitch 
of the optical grating was 1 µm and the depth was 200 nm. Although a major 
limitation of the optical media is its pre-defined dimension, the dimension falls 





Figure 17: Surface characterization of the optical media. (A-C) shows the 
top view SEM images of the optical media used CD-R, DVD-R and optical 
grating respectively. The groove pattern is regular and runs in concentric circle 
for the CD-R/DVD-R and along the short axis for the optical grating.  (D-F) 
shows the profile of the optical media by AFM images. The DVD-R has a 
trapezoid shape while CD-R and Optical gratings have a sine wave form. The 
dimensions are: CD-R has a pitch of 1.6 µm and depth of 100 nm. DVD-R has 
a pitch of 800 nm and depth of 200 nm. The optical grating has a pitch of 1µm 
and depth of 200 nm. (E) The water contact angles for all the optical media 
used shows that they are weakly hydrophilic with angles of about 70-90º much 
higher than the WCA for TCP which is about 50º. After plasma treatment the 
WCA was significantly reduced to about 30-40º 
 
Surface properties such as wettability, measured by surface water 
contact angle (WCA), can affect protein adsorption, cell attachment and cell 
growth on a surface [149, 150]. We measured the WCA of the optical media 
as weakly hydrophilic with WCA of 70-90º. These values were much higher 
than the WCA of TCP which was ~50º (Fig 2G). To make the surface more 
hydrophilic and enhance cell attachment, we plasma-treated the optical media 
and this significantly reduced the WCA of the optical media to 30-40º. We 
have also measured the Young’s modulus of the optical media and TCP by 
nano-indentation (Table 3) and the values were in the gigapascal (GPa) range, 
with the TCP being the stiffest material. A material’s mechanical stiffness can 
affect cellular behavior such as growth and differentiation [151].  
Table 3: Young’s modulus of optical media and TCP 
Optical media Young’s modulus (GPa) 
CD-R/DVD-R Polycarbonate 3.1 ± 0.04 
Optical grating PET 3.4 ± 0.03 
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Tissue culture plastic Polystyrene 4.4 ± 0.07 
 
3.3.2. Cell attachment and growth 
H9C2 cells were seeded at a density of 13,000 cells per cm
2
 in 24-well 
plates containing both sides of the optical media (grooved and flat side) or 
control TCP. After 1 hour, the number of attached cells was quantified. To 
analyze the importance of wettability for cell attachment, the assay was 
performed both with plasma-treated and non plasma-treated optical media. We 
observed a 70-100% cell attachment on the plasma-treated surfaces (with 
WCA of 30-40º); significantly higher than the cell attachment of 40-50% on 
non-plasma treated surfaces (with WCA of 70-90º; Fig 18 A). The relationship 
between surface wettability and cell attachment has been studied extensively. 
Though some have reported that cells prefer hydrophilic materials, others have 
shown that certain cells favor hydrophobic materials [149, 150]. H9C2 cells 
(Fig 18A) favored hydrophilic surfaces; however, the bare surface may also be 





Figure 18: Cell attachment and growth on the optical media. (A)  Cell 
attachment of H9C2 cells on the optical media after 1 hr. Before plasma 
treatment only about 40% of the initial seeding density had attached across all 
platforms. However, with the increase in hydrophilicity after plasma 
treatment, the attachment significantly increased to between 60-90%. 
*=p<0.05 comparing non plasma treated to plasma treated for each substrate. 
Data are average of 3 independent experiments. (B)  With the alamarBlue 
assay, there was a significant decrease in proliferation with cells cultured on 
the grooved holographic gratings when compared to cells cultured on flat 
holographic gratings (PET) p<0.05. This difference, however, was not evident 
in the cells cultured on the CD/DVD (Polycarbonate). The TCP had a higher 
proliferation rate most likely due to higher young’s modulus of the 
polystyrene. 
 
       We assessed cell growth on the optical media substrates over 5 days by 
alamarBlue® (Resazurin). Resazurin is a redox dye commonly used as an 
indicator of chemical cytotoxicity in cultured cells. The assay is based on the 
ability of viable, metabolically active cells to reduce resazurin to resorufin and 
dihydroresorufin [152]. Resazurin is non-toxic to cells, and can be used to 
assess cell number, and metabolic competence of cells in vitro [153].  For CD-
R and DVD-R, there was no significant difference in growth between the 
grooved and flat surface; however, for the optical grating, cell growth was 
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significantly reduced in the grooved surface (Fig 18B). Previous studies have 
reported contradictory effects of cell alignment on cell growth. In some studies 
[141], researchers reported no significant difference in growth of fibroblasts 
between aligned and unaligned cells on electrospun polymeric fibers. On the 
other hand, others have found a significant reduction in proliferation of cells 
cultured on micro-grooved surfaces and on aligned electrospun polymers 
purportedly due to a restriction of cell spreading during cell alignment [154, 
155]. In CD and DVD, the apex is broad while the optical gratings have 
narrow and pointed apex (Fig 17 D-F) restricting the area of cell spreading, 
and reducing cell growth. We also noted a correlative relationship between the 
materials’ Young’s modulus and cell growth. By comparing cell growth on 
only flat surfaces, we observed that H9C2 cells proliferated fastest on TCP 
with a young’s modulus of 4.4 GPa (doubling time of 14.5 hours, Fig 18B), 
followed by optical gratings (PET) with a young’s modulus of 3.4 Gpa 
(doubling time of 17.5 hours, Fig 18B). Cell growth on the CD/R and DVD/R 
(PC) with a young’s modulus of 3.1 GPa was the slowest (doubling time of 21 
hours). These observations are consistent with the positive regulation of cell 
growth by substrate rigidity [156, 157]. 
3.3.3. Morphology and morphometric analysis 
Cells cultured on the flat control substrate had no specific orientation; 
however, cells cultured on the grooved surfaces displayed a predominantly 
spindle shaped morphology and were oriented along the direction of the 
grooves (Fig 19 A-F) and Video 1. This cell orientation produced on all the 
grooved surfaces regardless of the material (PC, PET), shows that the 
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topography is the key determinant of alignment [142]. Average cell area was 
quantified by image analysis and the results showed that the cells cultured on 
the grooved surfaces had significantly smaller area than the cells on flat 
surfaces (Fig 19 G).  
 
Figure 19: Morphology and morphometric analysis of H9C2 cells on the 
optical media. (A-F) shows the F-actin and DAPI staining of H9C2 cells on 
the optical media after 5 days. (A-C) corresponds to the grooved surfaces and 
(D-F) corresponds to the flat surfaces. These images show that topography is 
the key determinant of cell alignment regardless of material properties. Scale 
bar 50 µm. (G) shows the average cell area of H9C2 cells on the optical 
media.  The average cell area is significantly reduced when cells are cultured 
on grooved surfaces. * indicates p<0.05 when comparing grooved and flat 
surface for each substrate. 
 
            To quantify the degree of alignment achieved across all platforms, a 
2D fast Fourier transformation (FFT) was performed (Fig 20). The FFT for 
aligned cells exhibited a more elongated elliptical spectrum which indicated a 
preferred direction of alignment (Fig 20A) whereas the FFT for the unaligned 
cells exhibited a circular spectrum (Fig 20B) which indicated no directionality 
[147]. This result was consistent for the cells cultured on CD, DVD and PET 
gratings, supporting that the topography was the major determinant of 
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alignment. The anisotropy of the FFT was further quantified spectrum the long 
to short axis index.  
 
Figure 20: Quantification of nuclei and cell alignment. (A-B) shows that 
the 2D FFT for the aligned cells has an elliptical spectrum while the FFT for 
the unaligned cells has a circular spectrum. (C) Long-to-short axis index to 
quantify anisotropy. * indicates p<0.05 as compared to flat substrates. (D) 
Percentage of nuclei that align within 20º of mean nucleus angle. 80% of cells 
on the grooved substrates fall within this region while about 30% of cells on 
flat surface fall within the region. * indicates p<0.05. 
 
An index of 1 reveals an isotropic (random) distribution while values higher 
than 1 shows a preferred direction of alignment of the cells [148]. I observed 
that the cells on flat substrates demonstrated an isotropic distribution with 
values not significantly higher 1. The cells on the grooved substrates; 
however, exhibited anisotropic distribution with values above two (Fig 20C) 
further confirming the groove-induced cell alignment. The nucleus alignment 
also revealed that while about 80% of the cells on the grooves aligned within 
20º of the mean direction, only about 30% of the cells on the flat surfaces were 
within this region (Fig 20D). To show the robustness of the CD-R/DVD-R, an 
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analysis of the cell alignment achieved on different regions of the DVD-R 
from the center to the edge was carried out (Fig 21).  
 
Figure 21: Cell alignment on different regions of the DVD-R. Comparative 
analysis of F-actin and DAPI staining of the cells cultured on different areas of 
the DVD-R spanning from the centermost (D) to the outermost region (A). 
Scale bar 100µm. 
 
For this analysis, images were taken at 10X to capture a larger area (1270 X 
1270 µm), and both 2D FFT and nucleus alignment algorithms were used to 
analyze cell alignment. Our results showed that there was no significant 
difference in the long to short axis ratio (Fig 22A); however, there was a 
reduction in the percentage of cells that were aligned within 20º for the cells 
cultured near the center (Fig 22B). The grooves in the DVD-R run in 
concentric circles, hence the cells closer to the center would sense greater 
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curvature and a wider angle while the region closer to the edge will sense 
almost a straight line and a smaller angle. 
 
Figure 22: Quantification of nuclei and cell alignment. (A) Shows the long-
to-short axis index to quantify anisotropy. There was no significant difference 
across different regions. However, about 6% fewer cells were aligned within 
20º of mean nuclei alignment when comparing the innermost (DVD-D) and 
outermost regions (DVD-A) of the DVD-R (B). * indicates p<0.05 as 
compared to DVD-A, while # indicates p<0.05 as compared to DVD-B. 
 
3.3.4. H9C2 cell differentiation 
Differentiation of H9C2 cells into cardiac lineage was achieved by 
treating the cells with all-trans retinoic acid as previously reported [158, 159]. 
Cardiac differentiation is evidenced by an increase in the genes coding for the 
ventricular isoform of the myosin light chain 2V (MLC-2V) and for 
sarcomeric proteins such as alpha cardiac actinin, myosin heavy chain and 
Troponin T. As the cardiomyocytes mature, there is a switch from the beta 
isoform to the alpha isoform [160, 161]. Other useful markers for cardiac 
differentiation are the atrial and brain natriuretic peptides (ANP and BNP) 
participating in the regulation of blood pressure, growth and development of 
cardiovascular tissue [162]. In our experiment, H9C2 cells show a more 
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differentiated phenotype when cultured on grooved surfaces with a 
significantly higher expression of alpha cardiac actinin, myosin light chain 2V 
and Troponin T as compared to the flat surfaces of the optical media (Fig 
23A). This was accompanied by a corresponding decrease in the fetal cardiac 
marker BNP in the cells cultured on grooved surfaces (Fig 23A). There was no 
increase in the alpha/beta ratio of the myosin heavy chain and no significant 
difference on both the grooved and flat surfaces (Fig 23B). This relatively low 
alpha/beta ratio may be a consequence of the absence of the physiological 





Figure 23: Cardiac differentiation of H9C2 cells on the optical media. (A) 
Gene expression of cardiac specific markers. There was a 1.5-2.5 fold increase 
in the cardiac specific genes when cultured on grooved substrates.* means 
p<0.05 as compared to flat substrate. (B) Alpha/Beta myosin heavy chain 
ratio. There was no significant difference in the ratio across all platforms; data 
are result from 3 independent experiments.  (C-H) shows the 
immunofluorescence images of differentiated H9C2. (C, F) F-actin, (D, G) 
Alpha cardiac actin and (E, H) merged images of H9C2 cells on grooved and 
flat surface of the DVD respectively. The cells on the grooved surfaces had 
formed long thin multinucleated tubes while those on flat surface had broader, 
shorter and unaligned multinucleated cells. Scale bar 50 µm. 
 
                Immunostaining of alpha actinin and F-actin revealed that the H9C2 
cells had formed multinucleated cardiomyocytes (Fig 23C-H). Those cultured 
on grooved substrates had longer, thinner and more organized multinucleated 
myotubes (Fig 23C-E), while those cultured on the flat surfaces had shorter, 
broader and more disorganized multinucleated cells (Fig 23F-H). Previous 
studies on H9C2 differentiation had either been only on flat surfaces or only 
explored the differentiation of H9C2 into skeletal myotubes. This finding is 
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important considering the fact that recent evidence suggests that the response 
of H9C2 cells to cardiotoxic drugs differs depending on its differentiation 
stage [158, 159, 163]. H9C2 cells are widely available and commonly used for 
study of cardiotoxic drugs; hence further studies would unravel how 
topographical cues affect cells response to cardiotoxic drugs. 
3.3.5. C2C12 cell differentiation and maturation 
Differentiation of C2C12, a mouse derived myoblast cell line into 
skeletal muscle was induced by reducing the fetal bovine serum to 1% in the 
presence of Insulin-selenium as previously reported [19]. The differentiation 
was assessed by the amount of cells that were stained with the MHC antibody. 
Our result was in line with previously published result that cell alignment 
enhances differentiation and maturation of C2C12 cells [19]. The results found 
that more cells cultured on the side with the grooves were expressing the 
MHC and forming longer myotubes (Fig 24A-C) when compared to the side 
without the grooves (Fig 24D-F). To compare the degree of myotube 
formation between grooved and flat surfaces, I calculated the fusion index that 
represents the fraction of the total nuclei present within the myotubes (nuclei ≥ 
2). The index for the cells on grooved surfaces (CD and DVD) was 0.3 and 
significantly higher than the index for cells cultured on the flat surface, which 





Figure 24: Differentiation of C2C12 cells on the optical media. (A-E) 
shows the Immunofluorescence images of differentiated C2C12 cells. (A, D) 
corresponds to myosin heavy chain, (B, E) F-actin and (C, E) merged image of 
C2C12 myotubes on grooved and flat surface respectively. Topographical cues 
enhance differentiation and maturation of C2C12 cells. Cells on the patterned 
substrates fused to form longer myotubes. Scale bar 50 µm. (G) shows the 
fusion index which was calculated by obtaining the fraction of the nuclei 
within the myotubes (nuclei ≥ 2). There was more myotube fusion in cells 
cultured on the grooved substrates. (H) Shows the gene expression of skeletal 
muscle markers. There was an increase in the expression of the genes in cells 
cultured on the grooved substrates. * indicates p< 0.05 when compared to flat 
substrate. Data are results from 4 independent experiments. 
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RT-PCR of four skeletal muscle genes was performed to assess cell 
differentiation and maturation. These genes are broadly recognized as 
important for skeletal muscle development, namely alpha skeletal actinin and 
the myosin heavy chains 1, 2 and 4 [19].  I observed ~1.5 to 2 fold increase in 
the expression of these genes in the cells cultured on the grooved surfaces 
from the control cells cultured on the non-patterned surface (Fig 24H). The 
up-regulation of MHC 1 and MHC 4 was significantly higher on the DVD-R 
than on the CD-R possibly due to the groove dimensions, with previous report 
indicating that nanogroove dimension was more efficient in inducing myoblast 
formation than microgroove dimensions [155]. Two key events have been 
identified as important for C2C12 maturation and myotube formation. They 
are: 1) Exit from mitosis phase into G0/G1 phase which is usually achieved by 
serum starvation and 2) End-to-end contact of the cells which fuse for form 
myotubes. To further understand why nanogrooves enhance C2C12 
maturation, a study of the cell cycle phase of the cells at 40-60% confluence 
and at 80-100% confluence was carried out. Our results show that a higher 
proportion of cells cultured on the flat surface were in the M phase (Fig 25), 
while a higher percentage of cells on the grooves were in the G0/G1 phase (Fig 
25). This difference is more pronounced when the cells are less confluent (Fig 
25B) as the cells become more confluent and undergo contact inhibition, the 
difference is reduced (Fig 25A). However, the fact that there are more cells in 
the G0/G1 on grooved surface suggests that the cells on the grooved surface 
begin to mature earlier. In addition, from the immunocytochemistry images, 
there was a better end-to-end contact of cells on the grooved surface. This led 
to the formation of un-branched and longer myotubes. Both of these 
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phenomena may explain why cells on the grooves had a higher gene 
expression 
 
 Figure 25: Cell cycle analysis of C2C12 cells. A) 80-100% confluence. B) 
40-60% confluence. * indicates p< 0.05 when compared to flat substrate. Data 
are results from 3 independent experiments. 
 
3.3.6. PC12 cell differentiation 
I studied the neurite development and polarity selection in PC12 cells 
on the optical media coated with 10 µg/ml laminin [164]. The polarity 
selection of PC12 cells on the optical media is in agreement with previously 
published data on polystyrene nanogratings produced with nanoimprint 
lithography [165]. Cells exhibit bipolar morphology when cultured on the 
gratings, and a multipolar morphology when cultured on flat surface (Fig 26A-
D). The effect of topographical cues on polarity selection was dependent on 
the groove width. There was higher percentage of bipolar cells on the DVD-R 
(800 nm pitch) than the cells cultured on the CD (1600 nm pitch) (Fig 26E) 
[165]. Since such topographies can determine the location of the budding 
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neurites, PC12 cells cultured on optical media can be used to study protein 
trafficking and neuronal migration that are key events in morphogenesis [39]. 
 
Figure 26: Polarity selection of PC12 cells on the optical media. F-actin 
and DAPI of PC12 cells with 20x magnification (A, B) and 60x magnification 
(C, D). PC 12 cells on grooved surfaces have predominantly bipolar neurite 
elongations which align along the direction of the grooves. The cells on flat 
surfaces have multiple neurite elongation. Scale bar 50 µm. (E) 70-80% of 
cells on grooved surfaces CD and DVD had either one or only 2 neurite 
elongations while about 70% of cells on flat surfaces had 3 or more neurite 
elongations. Only projections longer than the cell soma (5 µm) were 
considered. * indicates p<0.05 as compared to flat substrates. 
 
Substrate topography has been shown to induce an upregulation of 
neuronal markers in human mesenchymal stem cells or determine the fate of 
human embryonic stem cells either into neuronal or glial lineage [4, 28]. 
Topographical cues by nanogratings have been shown to be more effective in 
determining neurite outgrowth direction, neuronal polarity and neurite-neurite 
connection than cell-cell stimuli in vitro [165]. Neuronal polarity in vivo is 
determined by a series of events preceded by cytoskeletal rearrangement that 
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leads to activation of signaling pathways, selective protein and organelle 
trafficking and focal adhesion distribution [40, 41]. Cytoskeletal 
rearrangement produced by both a gradient of secreted factors and 
topographical cues provided by glial cells directs neuronal polarity and 
neuronal migration [39, 42]. Although the mechanism behind neuronal 
polarity and migration is not yet fully elucidated, researchers have explored 
the use of physical cues like micro/nanotopographies to induce cytoskeletal 
rearrangement, neurite development and neuronal migration in neuronal cells 
[39, 166]. I have demonstrated here that optical media serve as scalable cell 
alignment substrates with micro-/nano-topography for these studies and 
applications.  
3.3.7. Hepatocyte culture on RGD-conjugated optical media 
Depending on the cell culture application, various ECM molecules can 
be used. One of the commonly used ECM molecules is collagen, however, 
collagen usually forms a gel at 37°C and this obliterates the grooves and 
ridges which are in nano/microscale dimensions. To avoid this, a cell adhesion 
peptide Arg-Gly-Asp (RGD) [167] was chemically conjugated to the optical 
media and rat primary hepatocytes were cultured on the optical media. The 
RGD ligand on PET has been previously used for hepatocytes culture to 
maintain a 3D monolayer, and the conjugation procedure has been optimized 
[168]. After conjugating the RGD on our optical media, the results indicate 
that the cells attached to the optical media and also aligned along the direction 
of the grooves (Fig 27). The successful conjugation of the cell adhesion 
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peptide to the optical media means it can be customized to provide support to 
different cell types. 
 
Figure 27: Primary rat hepatocytes culture on PET-RGD. A) Grooved 
surface. B) Flat surface. Scale bar 100µm 
 
3.4. Concluding remarks 
Commercially available optical media can serve as scalable cell 
alignment substrates for applications such as cellular studies or industry-scale 
drug screening. They are cost effective, versatile for culturing cell types, 
possess large surface area, and optically transparent suitable for imaging-based 
assays. With ease of conjugation or coating with specific chemical ligands, the 
optical media can also be conferred specificity in providing optimal support 
for different cells. The aligned cells exhibit specific growth and differentiation 
characteristics in cardiac and skeletal muscle, and neuronal cells that would 
otherwise be achieved only on topographical features engineered with much 
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more complex and expensive micro-/ and nano-fabrication techniques. I 
envision that optical media would henceforth be further exploited to rapidly 




Chapter 4: ENGINEERING SCALABLE 2D AND 3D CELLULAR 
CONSTRUCTS OF ALIGNED SKELETAL MYOBLASTS IN PDMS 
MICROFLUIDIC CHIPS EMBEDDED WITH NANOGROOVES 
This chapter deals with the patterning of large surface area PDMS by 
replica molding, using the optical media as molds. The nanogrooved PDMS 
obtained from the replica molding is then utilized in microfluidic chips to 
generate 2D and 3D cellular constructs of aligned skeletal myoblasts. This 
provides a scalable method for engineering microfluidic chips with embedded 
nano/microscale cues 
4.1 Introduction 
Microfluidic technologies have been increasingly used for studies such 
as stem cell differentiation, cell selection, disease modeling and drug 
screening applications [74, 169]. This is because culturing cells in microfluidic 
systems permit the use of small quantity of cells and reagents, and can be 
readily adapted to multiplexed and high throughput assays [169]. In addition, 
they allow for more precise experimental manipulation of cellular systems, 
such as spatial patterning of molecules, control over mass transfer regimes, 
and application of shear stresses [74, 75]. To fully realize the utility of 
microfluidic cell-based models in biomedical applications, it is important to 
create a microfluidic cell microenvironment which is conducive for 
maintaining physiological cellular phenotypes. Earlier developments have 
focused on the surface modification of microfluidic substrates to facilitate cell 
attachment [170]. More recently, there has been much emphasis to incorporate 
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3D cellular microenvironment into microfluidics since 3D cell cultures better 
mimic the in vivo environment for more physiological function, differentiation 
and drug responses [171-173]. Beside 3D cell morphology, cell alignment 
imposed by the geometry and topography of the cell culture substrate e.g., the 
extracellular matrix (ECM) is important for maintaining physiological 
phenotypes and functions, especially in anisotropic cardiac, neuronal and 
skeletal muscular tissues [45]. Therefore, the incorporation of cell alignment 
cues in microfluidic platforms is of interest in the customization of 
microfluidic cell models to better support these specific tissues [174].   
Despite the advantages of aligning cells in cultures, there have been 
relatively few attempts to incorporate engineered features for aligning cells in 
microfluidic systems [79]. Some researchers achieved aligned monolayer of 
cells in microfluidic devices by patterning ECM molecules on glass substrates 
[65, 80]. The alignment was produced by geometrically constraining cell 
attachment and spreading to only the desired area. The technique can only 
create aligned monolayer of cells but not 3D cellular constructs in microfluidic 
chips. The mechanism of eliciting alignment by ECM patterning is different 
from that of cell alignment in vivo, which has been shown to be due to groove-
like topographical features of the ECM [10, 113, 175]. Therefore, inducing 
cell alignment via engineered topographical cues may elicit a cellular 
phenotype similar to aligned tissues in vivo [10].   
A major challenge of making topographical cues, such as micro-
grooves, a routine feature of microfluidic platforms is the high cost of 
fabrication of these micro- or nano-topographies. Yang et al. proposed a 
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stitching method to generate large surface areas of micro-grooved substrate. 
This consists of pre-fabricating micro-grooved substrates using 
photolithography or electron beam lithography and then stitching them 
together [79]. Wallin et al. used electrospun polymers [85] to create aligned 
and random patterns in polydimethysiloxane (PDMS) microfluidic chips. 
However, both methods require costly or specialized photolithography or 
electrospinning equipment. Alternative methods of producing micro-grooved 
substrates have been developed, such as micropatterned surfaces ground with 
abrasives [24] or using metal wrinkles [71]. Although these techniques help to 
reduce the cost and specialized equipment required, their adaptation into 
microfluidic cell culture systems has not yet been demonstrated.  
Methods for incorporating topographical features into a microfluidic 
system should also be compatible with the implementation of microfluidic 3D 
cell culture.  To date, cell alignment with micro-patterned ECM or 
topographical features in microfluidics has only been demonstrated for 2D 
monolayer cultures [79, 80]. While the generation of aligned 3D cellular 
constructs have been developed in static bulk cultures, which include stacking 
of aligned cell sheets [88, 176], encapsulation of cells in hydrogels [86, 161] 
or culture in scaffold, [87] these methods are not readily implemented in 
microfluidic systems. The ability to create aligned 3D culture of cells from 
anisotropic tissues, which require polarity or alignment for proper functioning, 
[161] will enable one to customize microfluidic cell models of these specific 




This chapter reports a cost-effective and scalable method to 
incorporate micro-topographies into microfluidic chips. Commercially 
available optical media, which contain micro-grooves of various dimensions 
that support alignment of cardiac, skeletal and neuronal cell lines, [45] were 
utilized as molds to transfer the topographical features to a PDMS sheet [135, 
137]. These optical media offer a simple and cost effective method to generate 
large surface area (up to 15 cm x 30 cm) of micro-grooved PDMS substrates, 
which can be easily incorporated into PDMS microfluidic devices. When 
coupled with a 3D microfluidic cell culture system, I show that the micro-
grooved substrate can align 3D cellular constructs along the orientation of the 
grooves; and the aligned 3D cellular constructs exhibited improved 
differentiation of C2C12 myoblast cells into skeletal muscle cells in the 
microfluidic device. 
4.2 Material and Methods  
4.2.1. Pattern transfer from optical media to PDMS 
To generate large surface area for the bottom layer, optical media 
(Vivoalign™ licensed to Bio-Byblos, Taiwan ROC, 8 x 8 cm) and placed into 
150 mm cell culture dishes (CORNING, Singapore). The optical media were 
glued to the bottom of the dish with a double-sided tape, exposing the grooved 
surface. Subsequently, a mixture of PDMS with curing agent ratio of 10:1 was 
poured on the surface of the optical media, the mixture was degassed and left 
to cure in 80
o
C for 2 hours.  
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4.2.2 Design, fabrication and assembly of microfluidic chip 
The top layer of the microfluidic chip containing the microfluidic 
network was adapted from a previously developed microfluidic 3D cell culture 
chip [177]. Briefly, microfluidic channels with a micropillar array were 
designed using AutoCAD (Autodesk, USA) and L-Edit v10.20 (Tanner 
Research, USA).  The dimensions of the microfluidic channel were 1 cm 
(length) x 600 µm (width) x 100 µm (height) and had one inlet for cell culture 
medium, one inlet/cell reservoir and one outlet. An array of 30 µm x 50 µm 
elliptical micropillars with a gap size of 20 µm was situated in the middle of 
the microfluidic channel, bounding a cell residence volume that was 1 cm 
(length) x 200 µm (width) x 100 µm (height) [178]. Silicon templates were 
fabricated by standard deep reactive ion etching (DRIE) process (Oxford 
Instruments Plc, UK). The microfluidic channels were then obtained by replica 
molding polydimethylsiloxane (PDMS) (Dow Corning, USA) on the silicon 
templates [178].  
Both the top layer and bottom layer were subsequently treated with 
oxygen plasma and subsequently put into an oven at 80
o
C for another 2 hours. 
This was to aid a tighter bonding between both PDMS layers. Three different 
configurations of the bottom layer were used: 1) grooves were arranged to be 
parallel to the fluidic flow; 2) grooves were perpendicular to the flow; and 3) 
no grooves on the bottom layer. The microfluidic chips were sterilized by 
autoclaving and connected to a perfusion circuit as described previously [178]. 
In addition, PDMS micro-grooved substrates were cut to the size of 24-well 
plates and were used for monolayer cell culture.  
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4.2.3 Surface characterization of PDMS micro-groove substrates by Atomic 
Force Microscopy (AFM)  
AFM samples were prepared by cutting appropriate sizes of the PDMS 
micro-groove substrates. An atomic force microscope, DI Nanoscope 
Dimension 3100 (Digital Instruments, USA), was used in tapping mode to 
identify the groove features on the PDMS substrate.   
4.2.4 Cell culture 
C2C12 is a sub-clone of a murine myoblast and consists of a pure 
population of myogenic cells that proliferate and differentiate in culture [179]. 
The cells were obtained from ATCC (USA) and were used at passage number 
below 20 for this study. Prior to cell seeding, the microfluidic chip was primed 
by perfusing the following solutions in order: 70% ethanol, DMEM (Gibco
®
, 
31600, Invitrogen, Singapore), PBS and again with DMEM. Each solution was 
left to run for 20 minutes at 0.5 ml/hr. After the priming step, the bottom layer 
of the chip was coated with a mixture of 10 μg/ml fibronectin (F1141, Sigma-
Aldrich, Singapore) and 1 mg/ml gelatin (G1890, Sigma-Aldrich, Singapore).  
The solution was added into the cell reservoir and the outlet connected to a 
syringe pump in withdrawal mode to allow for the solution to flow into the 
chip. The chips were incubated with the fibronectin-gelatin solution for 2 
hours before washing with DMEM. A suspension of C2C12 cells (6 million 
cells/ml) was introduced into the chip by using a syringe pump to withdraw 
cells from a cell reservoir. Cells were immobilized three-dimensionally by the 
micropillar array within the microfluidic chip. Cells were allowed 4 hours to 
attach before perfusion was initiated at a flow rate of 0.05 ml/hr. 
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To study the effect of the groove orientation on the cell alignment in 
the microfluidic chip, cells were cultured for three days in proliferation 
medium, containing DMEM with 10% Fetal Bovine Serum (FBS) (Gibco
®
, 
16000, Invitrogen, Singapore) and 1% Penicillin-Streptomycin (P4333, 
Sigma-Aldrich, Singapore). The three different configurations mentioned 
above were used. For the study of C2C12 cell maturation, the cells were 
cultured for 3 days in proliferation medium, followed by another 3 days in 
differentiation medium, which consisted of DMEM, 1% FBS, 1% Penicillin-
Streptomycin and 1% insulin-transferrin-sodium selenite (Gibco
®
, 41400, 
Invitrogen, Singapore). At the end of the 3 or 6 days culture period, samples 
were either fixed for immunofluorescence staining or cells were lysed for 
qPCR analysis. For the maturation experiment, two configurations were 
compared: a) no grooves and b) grooves parallel to the direction of the fluidic 
flow. 
2D monolayer culture in the microfluidic chip was established by using 
a low-density cell suspension (1 million/ml) so that the cells cannot be 
efficiently trapped by the micropillar array. After the cells were introduced 
into the chip, they were incubated for 4 hours before perfusion culture was 
initiated.  
4.2.5 Total RNA isolation and gene expression analysis  
Total RNA was harvested and purified with the RNeasy Microkit 
(74004, Qiagen, Singapore). Cells lysis was performed by perfusing the chip 
with RLT Plus buffer (1053393, Qiagen, Singapore) at a flow rate of 0.5 ml/hr 
until a volume of 350 μl was collected. Total RNA was isolated and purified 
84 
 
from the cell lysate according to manufacturer’s protocol, and reverse 
transcribed to cDNA using high capacity RNA to cDNA kit (4387406, 
Invitrogen, Singapore). A total of 300-600 ng/µl of RNA was obtained from 
each chip. Previously published primers for C2C12 cells [19] were used for 
the quantitative PCR and the reactions were performed using the LightCycler
®
 
FastStart DNA Master 
PLUS
 SYBR Green I (03515869001, Roche, Singapore) 
in a Roche LightCycler
®
1.5 carousel based system (Roche, Singapore). 
Analysis of each gene was performed using the relatively quantitative ∆∆CT 
method. Transcript levels were first normalized to the housekeeping gene 
GAPDH and expressed as relative level to that of day 0. 
4.2.6. Immunofluorescence staining 
Cells were fixed, permeabilized and blocked as described previously 
[178]. Alexa fluor phalloidin 488 (A12379, Invitrogen, Singapore) was used 
for F-actin visualization and DAPI (D9542, Sigma, Singapore) at 1 µg/ml for 
nuclei staining. The samples were imaged with a confocal microscope 
(Olympus FV1000, Japan).   
4.2.7. Quantification of nuclei and cell orientation 
The nuclei alignment angle and elongation ratio (E.R.) was calculated 
using the ImageJ software (National Institutes of Health, Bethesda, MD, 
USA,). The nuclei angle alignment is the orientation of the major elliptic axis 
of the nucleus with respect to the horizontal axis along which the micro-
grooves were oriented, [79, 86] while the E.R. is the ratio of the long to short 
axis of the nucleus [79]. For each sample, images were acquired from three 
different imaging planes along the height of the microfluidic chip: the bottom 
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plane, mid plane and top plane, with each plane being 8-12 µm higher than the 
previous plane [86]. For this analysis, the nuclei alignment angles were 
normalized to the mean nuclei angle for each sample and the percentage of 
nuclei within 20º of the mean was calculated [86]. 
4.2.8. 3D image rendering  
3D image rendering of the z-stack confocal images was performed 
using the Imaris software (Bitplane, Switzerland). 
4.2.9. Shear stress modeling 
The flow in this study was modeled as the incompressible viscous fluid 
and governed by Navier-Stokes (NS) equations. The governing equations were 
discretized in space using finite volume method where a finite set of discrete 
equations was constructed on unstructured hybrid grids to approximate the NS 
equations. The computational domain is subdivided into a set of non-
overlapping tetrahedral elements. The 3D micro-tissue was modeled as a 
rectangular block situated at different distances (i.e., 1 µm, 5 µm and 10 µm) 
from the micropillar array. A modified computational fluid dynamic laminar 
flow solver in OpenFOAM was used to simulate the flow. The resultant wall 
shear stress is then calculated 
4.2.10. Statistical analysis 
Graphs and statistical differences for nuclei alignment, elongation ratio 
(E.R.) and gene expression were performed using GraphPad Prism 5 
(GraphPad Software Inc. California, USA).  A one-way analysis of variance 
followed by bonferroni’s multiple comparison tests was employed to compare 
the nuclei alignment and E.R. across the three configurations of groove 
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alignment. For the gene expression studies, paired t-test studies were 
performed comparing flat and grooved for each gene, p<0.05 was considered 
significant. 
4.3. Results and discussion 
4.3.1. Fabrication and incorporation of PDMS micro-grooved substrate into 
microfluidic chips 
This chapter reports a simple and scalable method of fabricating a 
microfluidic chip incorporating topographical features that enabled the 
alignment of 3D cellular constructs. The chip comprised of a top layer with a 
microfluidic network optimized for supporting 3D culture of mammalian cells, 
[178] and a bottom PDMS substrate containing micro-grooves to align cells 
(Fig. 28A). The top layer consisted of a microfluidic channel which was 
segregated by a micropillar array into a central cell culture compartment and 
two flanking perfusion compartments (Fig. 28A). The micropillars permitted 
3D trapping of cells during seeding and after perfusion culture; the trapped 
cells formed a 3D cellular construct with about 3 layers of cells [178]. The 
bottom PDMS layer was fabricated by simply molding PDMS on a 
commercial optical media, (Fig 28A) which was pre-imprinted with micro-
grooves. These commercial optical media offer a readily available and 
affordable source of micro-grooved substrates and come in different 
topographical dimensions, ranging from 500 nm – 2 µm. I have previously 
demonstrated that the micro-grooves on these commercial optical media can 
efficiently align multiple cell types, including cardiac, muscular and neuronal 
cells [45]. The microfluidic chip was assembled by plasma bonding the two 
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layers together (Fig. 28A). Due to the large surface area of the optical media 
used, we can achieve an 8 cm x 8 cm PDMS micro-grooved substrate, which 
can simultaneously be bonded to up to 12 microfluidic chips (Fig. 28B). After 
bonding both layers by oxygen plasma treatment and heating in an oven, we 
checked for leakages by setting up the chip and perfusing a colored dye 
through the channels. There was no evident leakage from any of the chips 
(Fig. 28B), which indicated the robustness of the method to incorporate micro-
grooved substrates into multiple microfluidic chips. This method can produce 
micro-grooved substrates of considerable larger area than the stitching method 
proposed by Yang et al [79]. Larger scale fabrication can be achieved due to 
the availability of optical media with even larger footprint.  
 
Figure 28: Incorporating micro-topography into a 3D microfluidic cell 
culture chip. (A) Schematic showing the fabrication process of the 
microfluidic chip. The top layer consisted of a microfluidic channel with a 
micropillar array to immobilize cells three-dimensionally; while the bottom 
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layer consisted of a PDMS micro-grooved substrate molded from 
commercially available optical media. (B) Due to the large surface area of the 
optical media (15 cm x 30 cm), up to 12 microfluidic chips can be produced 
simultaneously. Scale bar = 1 cm. (C) Schematic of the microfluidic chip 
 
To determine the fidelity of transferring the topographical features 
from the optical media to PDMS, AFM images of the PDMS substrate were 
obtained to assess the grooves. The AFM image showed that the grooves were 
successfully transferred from the optical media to the PDMS sheet (Fig. 29A). 
The depth of the PDMS micro-grooves was 225 nm ± 51 nm and the pitch was 
2.080 μm ± 0.06 µm. The optical media used as mold had a depth of 282 nm ± 
80 nm while the pitch was 2.100 μm 0.05 μm. This represented an 80% 










Figure 29: Characterization of the PDMS micro-groove substrate. (A) 
AFM image showing the profile of the PDMS micro-grooved substrate. They 
maintained the sine wave form of the original commercial optical media. The 
average depth of the PDMS micro-grooves was 225 ± 51 nm and the average 
pitch was 2.080 ± 0.06 µm. (B-D) shows phase contrast images of the 
microfluidic chips where bottom PDMS substrates were incorporated in three 
configurations: (B) micro-grooves were parallel to the flow direction, (C) 
micro-grooves were perpendicular to flow direction and (D) no grooves. Scale 
bars in (B-D) = 100 µm. 
 
To achieve different configurations of the microfluidic chip, the 
bottom layer was bonded to the top layer such that the grooves run either 
parallel (Fig. 29B) or perpendicular to the direction of the flow (Fig. 29C). As 
a control, chips consisting of a flat PDMS substrate without any grooves were 
used (Fig. 29D). I validated that the PDMS micro-grooved substrate 
incorporated into the microfluidic chip could support the attachment and 
alignment of 2D monolayer of C2C12 cells (Fig. 30). This method provides a 
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simple and robust means to routinely incorporate topographical cues into 
microfluidic cell culture systems.   
 
Figure 30: Monolayer culture of cells on the micro-grooved PDMS 
substrate. A) H9C2 cells on microgrooved PDMS. B) H9C2 cells on flat 
PDMS substrate. C) C2C12 cells cultured in PDMS microfluidic chip with 
grooves parallel to the flow direction 8 hours after cell seeding. D) Cells 
cultured with grooves perpendicular to the flow direction 
 
4.3.2. Alignment of C2C12 myoblast in 2D and 3D cellular constructs 
The alignment of 3D cellular constructs formed from C2C12 mouse 
myoblasts was examined to determine the topographical effects of the PDMS 
micro-grooves in the microfluidic chip.  During cell seeding, the C2C12 cells 
were packed three-dimensionally at high density due to the sieving mechanism 
of the micropillar array. Previous work has validated that various three-
dimensionally immobilized cells in this microfluidic chip can maintain high 
viability for up to 5 days [177, 178, 180]. The C2C12 cells were cultured in 
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proliferation medium for 3 days to allow remodeling into a 3D cellular 
construct. Confocal images of fluorescently labeled F-actin revealed that the 
cells cultured on the flat surface without grooves showed a random orientation 
of the actin cytoskeleton after 3 days (Fig. 31A-B); however the cells cultured 
on the grooved substrate were aligned along the direction of the grooves 
irrespective of their orientation to the flow direction (Fig. 31C-F). An analysis 
of a 3D confocal optical stack showed that the cell alignment in both the 
parallel and perpendicular-oriented chips was consistently observed 
throughout the 15-25 µm thick 3D cellular construct, formed with about 2-3 
layer of cells (Fig. 31C,E). The multilayer cell alignment was likely to be a 
result of layer-by-layer cytoskeletal rearrangement due to the cadherin 
mediated cell-cell coupling of the C2C12 cells [181]. The bottom layer of the 
cells, which came in direct contact with the PDMS micro-grooves, could sense 
the topography and rearranged their cytoskeleton to align along the direction 
of the groove; the other layers subsequently align on top of the bottom layers. 
This is in agreement with published literature on the generation of multiple 
layers of aligned cells in static bulk culture, [182] in which a monolayer of 
cells was first cultured on micro-patterned polyacrylamide gels and after 2 
days, another layer of cells was overlaid on the already existing monolayer. 
The second layer of the cells aligned along the direction of the first layer of 






Figure 31: Alignment of actin cytoskeleton in C2C12 3D myoblast cellular 
constructs. C2C12 cells were cultured three-dimensionally for 3 days in 
proliferation medium with different configurations of the bottom micro-
grooved substrates in the microfluidic chip: (A-B) flat surface, (C-D) micro-
grooves parallel to flow direction and (E-F) micro-grooves perpendicular to 
the flow direction. (A,C,E) are the 3D orthogonal views of F-actin and DAPI 
staining of C2C12 cells. (B,D,F) shows a corresponding selection of 
individual z-stack images of the C2C12 3D cellular constructs from the 
bottom to the top of the microfluidic chip. Scale bar = 50 µm. 
 
Cell alignment not only alters the actin cytoskeleton arrangement, it 
also produces anisotropy in the cell nuclei morphology along the direction of 
alignment [79, 86]. Hence, I also assessed for cell nuclei morphology and 
orientation using quantitative image analysis. For each configuration of the 
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microfluidic chip (i.e., parallel, perpendicular or no grooves), nuclear 
measurements were made at 3 different layers of the 3D cellular construct: the 
bottom layer in contact with the micro-grooves, the mid-layer and the top 
layer furthest from the micro-grooves. The overall alignment of the 3D 
cellular construct was taken to be the averaged nuclear measurements from the 
3 cell layers. 
 
Figure 32: Quantification of nuclear elongation and alignment in C2C12 
3D myoblast cellular constructs. C2C12 cells were cultured three-
dimensionally for 3 days in proliferation medium with different configurations 
of the bottom micro-grooved substrates before assessing for nuclei 
morphology and orientation. (A-B) show the nuclear elongation ratio (E.R.). 
(A) Is the average E.R. of 3D cellular constructs cultured in the three 
configurations of the micro-grooved substrate. A total of >700 nuclei were 
analyzed for each configuration. * indicates p<0.05 when compared to the 
chip with parallel grooves, # indicates p<0.05 when compared to the chip with 
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perpendicular grooves. (B) The E.R. of all nuclei in each configuration was 
binned into 3 groups: 1.0 < E.R. < 1.5 represents nuclei that are rounded, (ii) 
1.5 < E.R. < 2.5 represents moderately elongated nuclei and (iii) E.R. >2.5 
represents very elongated nuclei. (C-D) Show the percentage of nuclei that 
align to within 20º of the groove direction. (C) Shows the averaged nuclear 
angle alignment in the 3D cellular constructs. * indicates p<0.05 when 
compared to the chip with parallel grooves, # indicates p<0.05 when compared 
to the chip with perpendicular grooves. (D) Shows the breakdown of the 
nuclear alignment by imaging planes at different depth of the 3D cellular 
construct. Three different planes were analyzed (top, middle and bottom) with 
each plane being about 8-12 µm higher than the previous plane. *indicates 
p<0.05 when compared to the bottom plane. 
 
I calculated the nuclear elongation ratio (E.R.) to study the deformation 
of the nucleus. This index is a quotient of the long and short axis of the 
nucleus and is commonly used to assess for nuclear deformation [183]. 
Nuclear deformation has been shown to alter gene [184] and protein 
expression, [185] and has been linked to differentiation of progenitor cells and 
commitment into a particular lineage [186]. An E.R close to one shows a more 
rounded nuclear morphology while values higher than 1 tend towards an 
anisotropic ellipse.  The average nuclear E.R. of C2C12 3D cellular constructs 
cultured in different topographical configurations is shown in Fig. 32A. It was 
much higher for the cells cultured on the parallel grooves, followed by cells on 
the perpendicular grooves and lowest on cells cultured without grooves. These 
differences were found to be a result of variations in the proportion of nuclei 
exhibiting different extent of deformation across the 3 configurations. A 
breakdown of the overall nuclear E.R. in the C2C12 3D cellular constructs 
was performed by binning the E.R. of approximately 700 nuclei from each 
configuration into 3 groups, representative of (1) round nuclei (1.0 < E.R. < 
1.5), (2) moderately elongated nuclei (1.5 < E.R. < 2.5) and (3) very elongated 
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nuclei (E.R. > 2.5) (Fig. 32B). The results show that the proportion of cells 
with moderately elongated nuclei in all the 3 configurations was 
approximately the same, with 48% (no grooves), 55% (perpendicular grooves) 
and 57% (parallel grooves) falling into this category. However, there was a 
significant difference in the proportion of cells with round or very elongated 
nuclei across the 3 configurations.  ~50% of the cells cultured without grooves 
had round nuclei (group 1), while only 35% and 10% of the cells on the 
perpendicular and parallel grooves respectively were in this group. The 
reverse was the case for the proportion of cells with very elongated nucleus 
(group 3), with about 2% (no grooves), 10% (perpendicular grooves) and 33% 
(parallel grooves) of the cells falling into this group. To determine if these 
observed differences were due to variability in the transmission of alignment 
cues across the thickness of the 3D cellular construct, the degree of elongation 
was investigated in three planes. The results showed that ~38% and 22% of 
the nuclei in the bottom layer of the parallel and perpendicular chips 
respectively had a ratio of > 2.5 (group 3). This percentage was reduced in the 
top layer, with the reduction being more evident in the perpendicular chips 
(from 22% to 6%) than in the parallel chip (from 38% to 33%). This suggests 
that transmission of alignment cue was dependent on the distance a cell in the 




Figure 33: Nuclear elongation ratio by plane. The cells nearest to the 
grooves had a higher elongation ratio for both the cells cultured on the parallel 
(38% with >2.5 and 54% with 1.5-2.5) and perpendicular grooves (22% with 
>2.5 and 66% with 1.5-2.5). This ratio reduced in the top layer especially for 
the cells in the perpendicular chip (6% with >2.5 and 51% with 1.5-2.5) while 
the parallel grooves reduced but at a lower rate (33% with >2.5 and 56% with 
1.5-2.5). The cells cultured on the chips with no grooves had similar 
orientation. The slight increase in the bottom layer may be due to the effect of 
the flow on the cells. 
 
To quantitatively measure the extent to which nuclear elongation 
within the C2C12 3D cellular construct was directed by the PDMS micro-
grooves, I determined the direction of cell nuclei orientation. For the chips 
with micro-grooves oriented parallel to the flow direction, 78% of the nuclei 
were correctly aligned to within 20º from the orientation of the micro-grooves. 
For 3D cellular constructs cultured on the perpendicular grooves, 53% of the 
cells were correctly aligned; while correct alignment for cells on a flat 
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substrate was about 20% (Fig. 32C). This suggests that the direction along 
which nuclear deformation occurs was indeed dependent on micro-grooves 
since nuclear alignment in both parallel and perpendicular configurations were 
significantly higher than that of the flat substrate configuration. A breakdown 
of the top, mid and bottom planes for each configuration again revealed that 
the percentage of nuclei alignment along the micro-grooves reduced from the 
bottom layer (which was in direct contact with the micro-grooves) to the top 
layer for both the parallel and perpendicular grooves. However, there was no 
significant change for the chips with flat surface (Fig. 32D). For the parallel 
and perpendicular grooves, the strongest layer was the plane nearest to the 
bottom, which came in direct contact with the PDMS micro-grooves (82% for 
parallel and 60% for perpendicular) while the top layer was the weakest (70% 
for parallel and 42% for perpendicular) (Fig. 32D). This further buttresses the 
fact that the grooves were the key determinant of the alignment.  
Both the actin cytoskeleton and nuclear deformation results 
collectively demonstrated that alignment of 3D myoblast cellular constructs 
could be achieved by incorporating micro-grooves into the 3D microfluidic 
chip. Cell alignment was the most efficient in the parallel configuration, where 
I observed the highest extent of nuclear deformation and alignment along the 
micro-grooves (Fig. 32A, C). In the perpendicular configuration, even though 
the actin cytoskeleton was aligned along the micro-grooves, the  transmission 
of the cytoskeletal alignment to nuclear deformation was significantly lower 
than that in the parallel configuration (Fig. 32A, C), which suggests that other 
factors in addition to topography can also modulate cell alignment in the 
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microfluidic chip. One of such factors is the shear stress by the fluid flow. 
Using fluid simulation, I estimated that cells at the periphery of the 3D cellular 
construct experienced shear stress ranging from 0.3 to 15 dynes/cm
2
 
depending on how far they were away from the micro-pillar array (Fig. 34). 
This range of shear has been reported to produce cell alignment [106, 187]. 
Therefore, in the parallel configuration, in addition to alignment cues provided 
from the micro-grooves, the shear stress provided synergistic cue to align the 
entire 3D cellular construct. However, in the perpendicular configuration, this 
shear stress could act antagonistically to the alignment cues from the micro-
grooves, causing cytoplasm and nuclear spreading, [79] thereby reducing both 
the nuclear E.R. and the percentage of cells aligned along the micro-groove 
orientation. Another possible explanation is the geometry of the microfluidic 
channel. Aubin et al [86] showed that even in the absence of flow, when cells 
with an innate tendency to align (such as C2C12 and fibroblasts) are 
encapsulated in a gel with high aspect ratio (50 µm wide x 150 µm long), the 
cells align along the direction of the long axis. This alignment reduces as the 
width of the channel increases, thereby decreasing the aspect ratio of the gel 
strip. Similarly, when the C2C12 cells were trapped within the 200 µm x 1 cm 
3D microfluidic compartment, they may experience similar geometrical aspect 
ratio and tend to align along the long axis. The presence of the perpendicular 
grooves therefore has to compete against the flow direction and the shape of 




Figure 34: Shear stress simulation. A) The fluid shear stress simulation of 
the chip without cells. B) With cells at 1 µm. C) 5 µm. D) and 10 µm. The 
cells at the edge experience a range of “0.3 dynes to 15dynes/cm2” depending 
on the distance to the pillars. Scale bar 50 µm 
 
4.3.3. Enhancement of differentiation in aligned 3D myoblast cellular 
constructs  
3D culture has been shown to better mimic the in vivo environment and 
hence represents a more physiologically model for in vitro studies [179, 188]. 
To determine the importance of alignment to a 3D myoblast cellular construct 
in the microfluidic chip, further investigation into the cells’ ability to 
differentiate into skeletal muscle was carried out. C2C12 cells were seeded 
into 2 configurations (i.e., flat substrate and parallel grooves) of the 
microfluidic chip and cultured in proliferation medium for 3 days to allow 
cells to remodel into a 3D myoblast cellular constructs. Differentiation into 






Figure 35: Morphology of nascent myotubes after differentiation of 
C2C12 3D myoblast cellular constructs. C2C12 cells in the microfluidic 
chips were first cultured for 3 days in proliferation medium to form the 3D 
myoblast cellular construct, before switching to differentiation medium for 3 
days. (A,C) show the 3D orthogonal view of F-actin and DAPI staining of 
C2C12 cells in the chips after 6 days of perfusion culture using two 
configurations of the micro-grooved substrate in the microfluidic chips.  The 
configurations were: (A) chips with no grooves, and (C) chips with parallel 
grooves. (B,D) show a corresponding selection of individual z-stack images of 
the C2C12 nascent myotubes. They belong to (B) chips with no grooves and 
(D) chips with parallel grooves. Scale bars = 50 µm. 
 
I first used immunocytochemistry to analyze myotube formation in the 
3D cellular construct. Myotube formation is a good indicator of skeletal 
myocyte’s maturation and is enhanced by cessation of proliferation and end-
to-end contacts between myoblast [19]. Immunostaining results showed that 
both the cells on the grooved and flat substrates had started fusing (Fig. 35A-
D) with the alignment facilitating a better end-to-end contact of the myoblasts 




Figure 36: Gene expression of skeletal gene markers. C2C12 cells were 
perfusion cultured for 3 days in proliferation medium and 3 days in 
differentiation medium before assessing the expression of skeletal gene 
markers. There was a 1.5-2 fold increase in the gene expression of skeletal 
muscle markers especially the myosin heavy chains when cultured in chips 
with grooves. * indicates p< 0.05 when compared to flat substrate. Data are 
average ± S.D. of 3 independent experiments. 
 
I also examined the expression levels of 4 skeletal muscle genes, which 
are key components of the sarcomere in the skeletal muscle and are used as 
indicators of myoblast maturation into skeletal muscle [19]. Gene expression 
results indicated that the 3D myoblast cellular construct cultured on the micro-
grooved substrate had a significantly higher expression of the skeletal genes, 
especially the myosin heavy chains 1, 2 and 4 (Fig. 36). These genes are 
important for the skeletal muscle development and form part of the contractile 
apparatus. This result is in agreement with a large number of published 
literature that shows that alignment enhances myotube formation and 
maturation of C2C12 cells in both 2D [19] and 3D [189]. 
103 
 
C2C12 cells have been used widely as a model to study the 
development of skeletal muscle and cell alignment since they possess intrinsic 
potential to align both in vivo and in vitro [86]. They are also valuable as cell 
models to study effects of drugs on skeletal muscle contraction, [190] insulin 
induced glucose metabolism of muscle cells, [190] and muscle regeneration 
[191]. Engineering 3D cellular constructs of skeletal muscle can therefore 
serve as platform for drug screening or to better understand the role of skeletal 
muscle in glucose homeostasis especially in type 2 diabetes. 
4.4. Concluding remarks 
This chapter has demonstrated a cost-effective and scalable method to 
incorporate micro-topographical cues into microfluidic chips by employing 
optical media as molds to transfer micro-grooves onto a PDMS substrate, 
which can be plasma bonded to PDMS microfluidic devices. The large surface 
area of these optical media makes it scalable for larger-scale production and 
greatly reduces cost associated with fabricating micro-topography for cell 
culture applications. By incorporating the micro-topographical cues into a 3D 
microfluidic chip, aligned 3D myoblast cellular constructs can be obtained. 
These cells aligned along the direction of the micro-grooves when they were 
oriented either parallel or perpendicular to the direction of microfluidic flow. 
The efficiency of cell alignment differed between the 2 configurations due to 
synergistic or antagonistic modulation by fluid shear stresses. The alignment 
enhanced maturation of the 3D myoblast cellular constructs into skeletal 
muscle as it facilitated end-to-end contact of the myoblasts and enhanced the 
expression of skeletal muscle genes. This will help to improve the biological 
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performance of tissue-on-chips for drug testing and disease modeling 
applications.    
*Part of the work has been reproduced by permission of the royal society of 
chemistry Scalable alignment of three-dimensional cellular constructs in a 







CHAPTER 5: DEVELOPING A HIGH THROUGHPUT IN VITRO 
PLATFORM FOR PHYSIOLOGICAL AND PHARMACOLOGICAL 
STUDY OF NEONATAL RAT CARDIOMYOCYTES 
This chapter highlights the importance of drug induced cardiotoxicity 
as one of the leading causes of drug withdrawals, and details the importance of 
in vitro platforms in drug development. It then explores the utility of the 
biomimetic platform to restore cardiomyocyte morphology, enhance their 
function and increase their potential for drug screening applications. Due to 
the large surface area of the optical media, they can be scaled up for medium 
to high-throughput screening.  
5.1 Introduction 
Cardiotoxic drugs can lead to adverse effects on the heart; such as 
contractile dysfunction, arrhythmias, change in blood pressure and ischemia 
[192]. These toxic effects are at times life-threatening and constitute one of the 
major causes of drug withdrawals during the clinical development phases. Of 
the approximately 35–40% of drugs withdrawn from the market due to 
pharmacological safety [51, 52], cardiovascular related toxicities was one of 
the leading cause, making up about 19% of the withdrawn drugs. A significant 
proportion of these toxicities are due to functional and dose-dependent effects, 
with about half of the 19% causing arrhythmias [192]. The fact that several 
cardiac as well as noncardiac drugs have been withdrawn from the market due 
to cardiovascular toxic effects in humans, although no toxic effects was 
observed in animals [52, 53, 193], has led the pharmaceutical regulatory 
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authorities to extend requirements on cardiotoxicity testing [192]. In a meeting 
held on 23 July 2013, led by the US Food and Drug Administration (FDA), the 
FDA-sponsored Cardiac Safety Research Consortium and the non-profit 
Health and Environmental Sciences Institute (HESI), laid out a new set of 
regulations for cardiotoxic drug assessment [194]. One of the major aspects of 
the new scheme deals with electrophysiological assessment using the right cell 
type (human stem cell-derived cardiomyocytes). In summary, the regulation 
addresses the following issues: 1) Choice of the right cell type - human stem 
cell-derived cardiomyocytes. 2) Culture conditions that mimic in vivo 
conditions and enhance maturation 3) Use of the right predictive assays and 4) 
Taking advantage of both in silico models and high throughput in vitro models 
to reduce the cost of drug development  
With respect to choosing the right cell type, currently, Chinese hamster 
ovary (CHO) cells over expressed with HERG ion channels are used to test 
effect of drugs on ion channels, however, they propose using human cardiac 
cells for assessing drug induced arrhythmias. These cells which can be derived 
from embryonic stem cells or induced pluripotent stem cells have all the 
important ion channels and also maintain a beating phenotype in vitro making 
it a more physiological model. Although these cells hold a great promise for 
the future of drug testing, one major drawback of current human stem cell-
derived cardiomyocytes is their lack of functional maturation in vitro [194]. 
The functional maturation of cardiomyocytes is evidenced in the panel of 
proteins being expressed as the cells transit from embryonic to adult stage. 
Some of the important changes include: a switch of the contractile protein 
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from alpha MHC to beta MHC, an increase in expression of the L-type 
calcium current channel (up to 3 fold), additional expression of inwardly 
rectifying potassium channel, a switch of the dominant mode of intracellular 
calcium release from IP3R to RyR and the expression of cardiac specific 
sodium channel [72, 195]. The mitochondria also increase in mass with 
changes in mitochondrial ultrastructure as evidenced by greater number of 
closely packed cistae and more electron-dense matrix [163]. To address this 
issue numerous sets of culture conditions have been proposed to enhance 
maturation and to mimic the native tissue more closely [192].  
The selection of a suitable species and cell culture condition by 
replicating key in vivo environment is crucial for drug development [192]. In 
the case of cardiotoxicity, the heart has a complex hierarchical organization of 
the molecular, electrical, topographical and mechanical signal and it would be 
ideal for in vitro models to factor in all these signals [196]. While it is 
currently not feasible for in vitro models to exactly match the native tissue, 
certain physiological parameters have been shown to be important for different 
in vitro applications. Hence, instead of attempting to mimic the entire 
complexity of the organ, a reasonable goal would be to replicate the tissue-
specific architecture and a subset of most relevant functions in a way 
predictable of human physiology [196]. One of such important physiological 
parameters is cardiac anisotropy. Native ventricular cardiomyocytes (VCMs) 
are aligned in a highly organized fashion such that electrical conduction is 
anisotropic for coordinated contractions. Restoring this alignment in vitro has 
been shown to restore in vivo like conduction velocity and to be a more 
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accurate model for prediction of drug induced arrhythmias (the most common 
manifestation of drug induced cardiotoxicity) [73]. In addition, cardiac cell 
alignment in vitro has been shown to restore other structural and functional 
properties of the native VCM such as sarcomeric organization [10], length to 
width ratio [197], calcium handling [72], and gap junctional protein 
distribution [10]. Alignment also enhances maturation [198], and force of 
contraction [65] in cultured cardiomyocytes. Consequently platforms that 
factor in cardiac cell alignment in vitro would be useful for efficacious drug 
discovery and development [73]. 
  Choosing the right set of predictive assays in vitro would also help 
increase the potential of in vitro platforms for drug screening. Although 
arrhythmias are the most common manifestation of drug induced 
cardiotoxicity, and the most commonly tested, companies and scientists 
recognize the importance of other types of cardiotoxicity in drug safety testing 
[194]. In an internal study of roughly 1,000 compounds that had failed at 
various stages in discovery, AstraZeneca found that only about 25% had a 
direct impact on cardiac electrophysiology (pro-arrhythmias). The rest 
affected functional and structural aspects of the cells, such as mitochondrial 
activity and calcium homeostasis which are fundamental aspects of the 
biology of cardiomyocytes [194]. Hence it is proposed that more than one 
assay be used to reflect the key players in drug induced cardiotoxicity [194]. 
Patch clamp method is still currently used as one the most sensitive methods 
to detect changes to the ion channels, however, it requires expert skills, 
specialized equipment and most importantly it is low throughput [64]. Viable 
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alternatives for predicting drug induced cardiotoxicity include the use of multi 
electrode array, calcium imaging and mitochondrial toxicity kits [64]. These 
assays can be scaled up for high throughput assessment and are useful for the 
early stages of drug discovery [64]. The multi electrode array detects field 
potential of a group of cells and can be used to assess the effects of drugs on 
the field potential duration [199, 200]. Although this is not as sensitive as the 
patch clamp, the field potential duration correlates to the action potential 
duration measured by patch clamp and hence serves similar purpose [199, 
200]. It is also easier to manipulate and can be scaled up especially for high 
throughput measurement [199, 200]. Another important assay for 
cardiotoxicity is calcium flux. Calcium is a very important ion for the cardiac 
function. It is the principal ion in charge of the excitation-contraction coupling 
of the heart. Excitation–contraction coupling is a well-described, fundamental 
property by which a cardiomyocyte’s ionic (excitation) properties tightly 
coordinate its mechanical (contractile) function [201]. The process starts with 
the opening of voltage gated L-type calcium channels following membrane 
depolarization. The transient opening of these channels allows a small amount 
of calcium to flow into the cell through dihydropyridine receptors that are 
strategically localized in close spatial proximity to the sarcoplasmic reticulum. 
This calcium entry initiates a positive feedback process of calcium-induced 
calcium release in the sarcoplasmic reticulum through ryanodine receptors, 
which form functional units with surface voltage gated L-type calcium 
channels, resulting in myofilament contraction [202]. Alterations in calcium 
homeostasis in the cardiac cell have been shown to affect the membrane 
potential due to deleterious effects on the sodium-calcium exchanger, and 
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have also been implicated in the pathogenesis of arrhythmias and contractile 
dysfunction [60]. It can therefore be said that cardiac toxicity presenting as 
mitochondrial toxicity, cardiac contractile failure, myocardial ischemic events, 
and cardiac arrhythmias may in part be due to changes in intracellular calcium 
homeostasis and hence calcium flux measurement is a key assay for 
cardiotoxicity drug screening [60]. Calcium can be measured by fluorescent 
probes and thus direct visualization of Ca2+ dynamics in cardiomyocytes is 
emerging as an ideal in vitro high throughput model for assessing drug-
induced cardiotoxicity because it integrates the electrophysiological and 
signaling events leading to muscle contraction. Dynamic calcium changes 
have been validated for predicting arrhythmias and contractile dysfunction in a 
number of cardiotoxic drugs [64], it can be used to assess beating rates and 
hence can be used to study the drugs that have chronotropic effects on cardiac 
cells [57]. 
In summary the current trend in predicting drug induced cardiotoxicity 
is geared towards developing a cost-effective high throughput platform with 
the relevant culture conditions, appropriate cell type and one or more 
predictive assays that gives a holistic readout of the necessary end points for 
assessing drug induced cardiotoxicity. This study shows that commercially 
available optical media integrated into 48-96 well plates can be used as high 
throughput platforms for the study of drug induced cardiotoxicity using 
neonatal rat ventricular cardiomyocytes. The commercially available media 
induce cell alignment which in turn restores in vivo like cylindrical 
morphology, sarcomeric organization, gap junctional protein distribution and 
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calcium handling of the cardiomyocytes. The platform is amenable to multi 
electrode array and calcium imaging and by using these assays; we show both 
positive and negative chronotropic effects of paradigm drugs to the 
cardiomyocytes. Although neonatal rat cardiomyocytes have been used, this 
platform can also be used for human induced pluripotent stem cell-derived 
cardiomyocytes. 
5.2 Materials and methods 
5.2.1 Cardiomyocyte isolation 
Hearts were removed from 1- to 2-day-old neonatal Sprague-Dawley 
rats and placed in calcium and magnesium free HBSS (Sigma, Singapore 
H4891-10X1L) buffer on ice. The atria were removed and the ventricles were 
washed several times with cold HBSS buffer. The ventricles were 
subsequently minced with dissecting scissors. The cells were incubated first 
with 1mg/ml trypsin for 2 hours and then dissociated at 37°C with a 
collagenase type 2 at 0.8 mg/ml (Worthington Biochemical) in HBSS for 5 
serial incubations at 30-min periods for each digestion. During the digestion, 
triturating the tissue through a 1ml pipette tip mechanically disrupted the 
tissue. The cells released after the first digestion were discarded (fibroblast 
and debris-rich mixture), whereas the cells from subsequent digestions were 
added to 25 ml of DMEM and kept on ice. After final collection, the cells 
were filtered through a 100 um sieve and pelleted by centrifugation (150 g for 
5 min at room temperature). The supernatant was discarded, and cells were re-
suspended in complete medium and pelleted again at 150g for 5 minutes. After 
the second centrifugation, the supernatant was discarded, the cells were re-
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suspended in DMEM and the resulting cell mixture was preplated twice for 45 
mins each in a 37°C CO2 incubator to plate out the fibroblasts. The remaining 
enriched myocytes were then plated at high density (100,000 cells/cm
2
) and 
cultured in DMEM with 10% FBS for 2 days before switching to DMEM with 
1%FBS (maintenance medium). The optical media was prepared as explained 
previously [45]. A solution of fibronectin (10ug/ml) and gelatin (1mg/ml) was 
used to coat the optical media for 1 hour at 37°C before cell culture. 
5.2.2 Calcium imaging 
Neonatal rat ventricular myocytes were incubated with 5µm Fluo-4 
AM (Invitrogen) and pluronic F-127 (0.1%; Invitrogen) for 30 minutes at 
37°C. Myocytes were subsequently washed three times in Tyrode solution 
(Sigma Singapore, T2145-10X1L) to remove dye residues and incubated in 
DMEM for 15 minutes to de-esterify. The experimental dish was mounted on 
the stage of an upright Zeiss LSM510 confocal microscope (Carl Zeiss) and 
myocytes were observed through a 60x water immersion objective. Line 
scanning was performed at suitable regions with the myocytes spontaneously 
beating. A 488-nm wavelength laser was used to excite the dye, and signal 
was collected at 515 nm. The scanning line was oriented transversely, across 
the width of the cell and away from the nucleus to monitor the cytosolic 
component of the calcium transients in high temporal resolution (500 Hz). 
Fluorescence signals were analyzed using Olympus software and Excel. Peak 
and decay times are defined as the time for the calcium signal to reach its peak 
value and then decay by 50%, respectively. To minimize the toxicity of Fluo-
4, experiments were conducted within 1 hour after dye loading. 
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5.2.3 Determination of Cell length, width, length to width ratio and sarcomere 
length 
Confocal images of cultured cardiomyocytes were taken with a Zeis 
microscope. Cell length and width were quantified using ImageJ (National 
Institute of Health). Myocytes were measured along their long axis to 
determine cell lengths whereas the width of cells was defined as the length 
along the perpendicular axis with respect to the major. On average, 
approximately 200 cells were analyzed per condition. Cells selected for 
measurements were as intact as possible 
5.2.4 Western Blot 
Protein measurements using Western blot were carried out with cell 
lysate after 7 days in culture. A mixture of RIPA (Radio-immunoprecipitation 
Assay) buffer (Sigma, Singapore R0278) and protease inhibitor (100:1) was 
added to the cell culture after discarding the medium. The cell lysate obtained 
was centrifuged at 14,000 rpm for 15 mins. Protein content was determined 
using Bradford assay (Biorad) and equal amounts of protein samples (40mg) 
were separated on a 10% SDS–PAGE in 1X Tris Glycine, and transferred onto 
a 0.22mm nitrocellulose membrane overnight in 1X Tris-buffered saline 
(TBS) with 10% methanol. To ascertain equal loading and transfer efficiency, 
the membranes were stained with Ponceau S. The Ponceau S stain was washed 
off the membrane and was placed in blocking buffer (2% skimmed milk 
prepared in 1XTBS with 0.01% Tween 20 (1TBST) for 1 h at room 
temperature with shaking. The membrane was subsequently washed 3 times in 
0.05% TBST and treated with mouse anti N-Cadherin 1:750 (BD Biosciences 
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Singapore 610921), Mouse anti Connexin 43 1:1,000 (Merck Singapore MAB 
3067), Mouse anti SERCA 1:750 (Sigma Singapore S1314), Mouse anti 
GAPDH 1:1,000 (Santa Cruz Singapore SC 59540), Mouse anti Troponin T 
1:1000 (Thermo Scientific Singapore MS-295-PO) all diluted in 0.01% TBST 
for 2 h at RT. After the primary antibody incubation, the membranes were 
washed 3 times in 0.05 % TBST and treated with goat anti-mouse IgG-HRP 
(Santa Cruz sc-2005) 1:10,000 in blocking buffer, for 1 h at RT. The 
membrane was developed using SuperSignal West Pico Chemiluminescent 
solution (Thermo Scientiﬁc) and the band intensity was measured using 
ImageJ (WS Rasband, National Institutes of Health, Bethesda, MD). 
5.2.5 RNA isolation, cDNA synthesis and qPCR analysis 
Cells were lysed using RLT buffer from Qiagen (Qiagen, Singapore, 
cat no 79216). Cell lysate was collected and RNA isolation was done and total 
RNA was reverse transcribed to cDNA according to manufacturer’s protocol. 
Custom designed primers were used for the quantitative PCR and the reactions 
were performed using both Roche lightcycler and Bio-Rad real time system. 
Analysis of each gene was performed using the quantitative ∆∆CT method. 
Transcript levels were first normalized to the house keeping gene GAPDH and 
expressed as relative level to that on the flat surface. 
5.2.6 Immunocytochemistry 
Cells were fixed with 3.7% PFA for 10 minutes at 37ºC, permeabilized 
with 0.1% Triton-X 100/PBS for 30 minutes at room temperature and blocked 
with 2% bovine serum albumin for 2hours at room temperature. Washing after 
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each step was performed by using 0.1% triton-x 100/PBS three times at 10 
minutes each.  
          All incubations with primary antibodies were done overnight at 4ºC. 
Primary antibody concentrations were as follows: 1:200 for mouse anti alpha 
sarcomeric actinin (A7811, Sigma, Singapore), 1:200 for rabbit anti connexin 
43 (clone MY32, M4276, Sigma, Singapore), 1:200 for mouse anti N 
Cadherin (BD Biosciences Singapore 610921), 1:200 mouse anti Vinculn. 
After primary incubation, samples were washed three times as explained 
above and incubated with secondary antibodies for 1hr at room temperature. 
The dilution used for secondary antibody was 1:250 Alexa Fluor® 546 
Donkey anti mouse IgG (H+L) (A100436, Invitrogen, Singapore). Alexa fluor 
phalloidin 488 (A12379, Invitrogen, Singapore) was added during the 
secondary antibody incubation for F-actin visualization. The samples were 
washed three times and counter stained with DAPI (D9542, Sigma, Singapore) 
at 1µg/ml for 10 minutes at room temp. After washing, the samples were 
mounted and imaged with a confocal microscope. 
5.2.7 Drug treatment 
Verapamil a calcium channel blocker and Isoproterenol an adrenergic 
agonist were used to assess drug response. 1000x Verapamil stocks in DMSO 
were prepared to a concentration of 0.75 mg/ml while 100x Isoproterenol 
stocks were prepared in distilled water to a concentration of 0.75 µM.  
5.2.8 Statistical Analysis 
Statistical differences were performed using Graphpad prism 5 
(GraphPad Software Inc. California, USA). Paired t-test studies were 
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performed comparing cells cultured on the flat surface to cells cultured on the 
grooved surface for morphometric analysis (cell length, width, length to width 
ratio), gene expression and western blot. p<0.05 was considered significant. 
5.3 Results and discussion 
5.3.1 Cardiomyocyte alignment on grooved optical media 
Rat neonatal ventricular cardiomyocytes were isolated and cultured on 
the optical media. Cells were allowed to attach for one day in plating medium 
containing 10% FBS. Unattached cells were removed and the medium 
replaced with plating medium for another 24hrs. This is to allow for some 
proliferation of the neonatal rat cardiomyocytes. From third day onwards, the 
cells are maintained in maintenance medium containing 1% FBS. This has 
been shown to reduce fibroblasts overgrowth and to enhance cardiomyocyte 
maturation. After 7 days in culture, the cells are either fixed for 
immunocytochemistry or lysed for both western blot and RT-PCR 
experiments. Fig. 37 shows that the cells on the grooved surface had a 
predominantly spindle shape with a more uniform orientation (Fig. 37A-B) 
while those on the flat surface were pleomorphic without any particular 
direction or orientation (Fig 37C-D). There was also a more uniform and 




Figure 37: Cardiomyocyte alignment and sarcomeric structure. Alpha 
sarcomeric actinin for cells on: A) grooved surface and C) flat surface. F-actin 
staining for cells on: B) grooved surface and D) flat surface. E) Nuclei 
alignment, more than 60% of cells on the grooved surface align within 20° of 
groove direction. * indicates p< 0.05 when comparing grooved to flat surface. 
Scale bar 50µm. 
 
An analysis of nuclear orientation revealed that cells on the grooved 
surface had about 60-70% of the nuclei within 20° of the groove direction (Fig 
37E). This value was significantly higher than the cells on the flat surface. 
These results are consistent with numerous published results on the effect of 
grooves on cell alignment [45]. Grooves have been shown to be biomimetic in 
inducing alignment of cardiomyocytes in vitro as the collagen fibers in the 
myocardium are arranged in such a way that they form grooves and ridges. 




5.3.2 Morphometric analysis 
Cell length, width, length to width ratio and sarcomeric structure were 
analyzed. Our results showed that cells cultured on the grooved surface were 
longer and thinner with a higher aspect ratio than cells cultured on flat 
surfaces which were shorter and broader (Fig. 38A). The aspect ratio of cells 
cultured on the grooved surface ranged from 5:1 to 6:1, while those cultured 
on flat surface was about 2:1 (Fig. 38B). Cardiomyocytes’ shape is important 
for its ultimate function and this relationship has been studied both in vivo and 
in vitro [197]. The heart actively remodels its architecture in response to 
physiological and pathological changes. A number of cardiomyopathies are 
known to manifest with altered aspect ratio of the cardiomyocytes, these 
changes lead to reduced contractile function of the heart [69]. Healthy 
ventricles have an aspect ratio of 6-7:1. This ratio can increase or decrease 
depending on the pathology [197]. In an interesting study, Kuo et al used 
fibronectin patterning to engineer cardiomyocytes with aspect ratios of 1:1, 
3:1, 5:1, 7:1 9:1 and 11:1 [197]. Their results revealed that the cells with 
healthy aspect ratio 5-7:1 exerted the greatest tractional force and had better 
contractility along the longitudinal axis [197]. They also showed that cells 
with this aspect ratio had a better calcium handling apparatus as the peak and 
decay time was considerably lower than cells with either very high or very low 




Figure 38: Morphometric analysis of the cardiomyocytes on both sides of 
the optical media. A) Length and width measurements. Cells on the grooved 
surface were longer and thinner. B) Length-to-width ratio. Cells on the 
grooved surface had a higher length-to-width ratio. C) Sarcomere length. Cells 
on the grooved surface had a more mature sarcomere as evidenced by the 
longer sarcomeres. * indicates p<0.05 when comparing grooved to flat 
surface. 
 
Furthermore, I assessed the sarcomere length in cells cultured on both 
flat and grooved surfaces. Sarcomere length is a good indicator of the 
cardiomyocytes mechanical function [203]. A sarcomere is the functional unit 
of cardiomyocytes containing both the thick and thin filaments. The mean 
sarcomere length is defined as the spatial fundamental period of repeating 
patterns of sarcomeres in a microscopy image of a cardiomyocyte [204]. 
Sarcomere length is an indicator of cell maturation. Our results indicate that 
the cells on the grooved surface had a longer sarcomere length (Fig. 38C), this 
suggests better mechanical function as it would lead to higher contractile force 
amplitudes [205]. 
5.3.3 Cell-substrate and Cell-Cell communication 
Gap junctions provide a low-resistance pathway for propagation of 
electric signals such that the heart can beat synchronously. In the heart 
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connexin 43 are the principal gap junction proteins [206]. In early life, the gap 
junctions are uniformly distributed, aligning along the perimeter of the 
cardiomyocytes. As the cardiac cells mature into adult heart, the gap junctions 
localize principally at the end of the cells and to a lesser extent along the sides 
of the cardiomyocytes [206, 207]. Immunostaining of connexin 43 indicates 
that the gap junctions (GJ) of the cardiomyocytes on the grooves were 
arranged along the perimeter of the cardiomyocytes parallel to the grooves as 
opposed to the random orientation on flat surfaces (Fig. 39A-B). This 
disposition of the GJ will ensure an anisotropic propagation of action 
potentials as is present in vivo [73]. It also reduces the possibility of re-entrant 
arrhythmias which is more common in conditions where the CX-43 is 
disorganized [73]. 
N-Cadherin, a cell-cell contact protein also plays a role in 
cardiomyocytes structure. It is the major transmembrane constituent of the 
adherens junction, highly expressed in the heart and principally localized to 
intercalated disks [208]. It has been proposed that this molecule is necessary 
for myofibril organization [209]. N-Cadherin is also important for 
mechanosensing, polarization, differentiation of the cardiomyocytes and 
transmission of contractile forces across the cardiac tissue [210]. In 
hypertrophic cardiomyopathies, the ordered arrangement of the N-cadherin is 
lost leading to a severe disarray of the N-cadherin localization and expression; 





Figure 39: Cell-cell and cell-substrate interactions. Cells on the grooved 
surface: A) Connexin 43, C) N-Cadherin, E) Vinculin. Cells on the flat 
surface: B) Connexin 43, D) N-Cadherin, F) Vinculin. Scale bar 100µm. 
 
This suggests that the spatial organization of the N-Cadherin protein is 
important for proper functioning of the cardiomyocytes. Our results indicate 
that cells cultured on the grooved substrates have a more organized spatial 
disposition of the N-cadherin molecules (Fig. 39C-D). This disposition is 
similar to what is seen in vivo; in contrast, the random disposition of the N-
cadherin on flat substrates resembles that seen in cardiac “disarray”. 
Cell-ECM interactions play a role in assembly, re-arrangement and 
maintenance of cardiomyocyte architecture, and vinculin is one of the key 
focal adhesion molecules required for cardiomyocytes cell-ECM interaction. 
These cell-ECM adhesion sites serve as nucleation sites for the assembly of 
myofibrils [211]. In addition, the vinculin/Sarcomeric actinin/ F-actin 
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association is crucial for stabilization of the myofibrils [212] The ordered 
orientation of the vinculin hence plays a role in sarcomere alignment as the 
myofibrils follow the focal adhesion complexes. This would in turn lead to a 
directional arrangement of the sarcomeric proteins [213]. Our results indicate 
that the vinculin/focal adhesion plaques are also aligned along the direction of 
the grooves and this forms a basis for a more ordered arrangement of the 
myofibrils within the cardiomyocytes (Fig. 39E-F). 
5.3.4 Gene and Protein expression 
Using qRT-PCR, I assessed expression of cardiac-specific structural 
genes in cells cultured on both grooved and flat substrates after 7 days in 
culture. The genes assayed were: Alpha cardiac actin, Troponin T, and Myosin 
light chain 2V (MLC2v). Though the cells cultured on grooved substrates 
showed slightly higher patterns of gene expression, there wasn’t a significant 
difference except for MLC 2V and troponin T (Fig 40A). The western blot 
revealed similar results showing no significant difference across both 
substrates (Fig 40 B-C). These results are similar to previous studies 
comparing grooved and flat substrates [72]. It seems that the major differences 
in function found in neonatal rat cardiomyocytes on grooved substrates are 
predominantly due to the structural reorganization of its contractile and cell-
cell communication proteins. The sarcomeric alignment produced as a result 
of structural reorganization ensures better force of contraction, faster 
anisotropic propagation of action potential, better calcium handling apparatus 




Figure 40: Gene and protein expression. A) Gene expression of cardiac 
specific markers. There was about 1.5 fold increase in the cardiac specific 
genes when cultured on grooved substrates.* means p<0.05 as compared to 
flat substrate. B) Representative western blot bands. C) Relative band intensity 
of western blot bands. 
5.3.5 Calcium transients 
In cardiomyocytes, contraction begins by the opening of the voltage-
sensitive L-type Ca2
+
 channels (Cav1.2) on the sarcolemma, this influx of 
calcium into the cytoplasm triggers the opening of the ryanodine receptors 
(RyR), which results in a significant Ca2
+





 release (CICR) [215]. The calcium binds to the troponin and 
causes a conformational change in the tropomyosin which subsequently leads 
to contraction [215]. A better calcium handling apparatus as evidenced by 
faster time to peak and faster time to decay is characteristic of more matured 
cells in vitro [72]. In the heart, it has also been shown that prolonged 
mechanical unloading of the heart leads to an altered calcium handling. 
Neonatal rat ventricular cardiomyocytes cultured on grooved substrates had a 
shorter time to 50% transient decay than cells cultured on the flat substrates 
(Fig 41B). This finding is also in line with previously published literature [72]. 




Figure 41: Calcium imaging. A) Representative calcium flux measurement 
on grooved surfaces. B) Time taken to 50% decay of fluorescence intensity. 
Cells on grooved surface have a faster time to fluorescence decay. * indicates 
p<0.05 when comparing grooved to flat surfaces. 
 
One of the possible reasons for this finding is the co-localization of the 
Cav1.2 and RyR which may be enhanced in cells cultured on grooved 
substrates [72]. In ventricular myocytes, the spatial relationship between the 
L-type Ca2
+
 channel and RyR has been shown to enhance the CICR [215]. 
Other possible causes explaining the more mature calcium handling apparatus 
of the cells on the grooved substrate are an enhanced expression of the 
channels and proteins involved in calcium cycling and an increase in diastolic 
calcium found in such cells at higher frequencies [72, 216]. The findings in 
our gene expression studies do not support the theory and I didn’t study the 
diastolic calcium content in the cells. 
5.3.6 Pharmacological studies 
To study the utility of our platform for drug screening, we tested 2 
paradigm drugs: Verapamil a calcium channel blocker (negative ionotrope and 
chronotrope) and Isoproterenol (positive chronotrope). A number of assays 
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have been identified as important for cardiotoxicity drug screening. Of these 
assays, scientists have highlighted three important parameters: Alterations in 
cell membrane and mitochondrial membrane potential, Alterations in calcium 
homeostasis, and ATP depletion [67]. In view of this, two assays were chosen: 
Multi-electrode array (High throughput membrane potential assessment) and 
Fluo-4am (calcium imaging) and show that our platform can be used for these 
assays in vitro.  
 
Figure 42: Drug response using calcium imaging. A) Calcium flux before 
treatment with verapamil. B) Calcium flux after treatment with verapamil. 
 
Using calcium transients, our results indicate that the NRVM respond 
to calcium channel blockers by a reduction in beating rate (Fig 42 A-B). There 
was a dose dependent reduction in beating rate upon treatment with verapamil 
(Fig 42 C). Conversely, there was an increase in beating rate when the NRVM 
were treated with Isoproterenol which is a positive chronotrope (Fig 42 D-F). 
Besides using the calcium transients as a read out, we also used the MEA to 
assess beating rate of the NRVM. Preliminary results with the MEA show that 
126 
 
our platform can be used for the readings (Fig 43). In addition, video of the 
beating cardiomyocytes before and after addition of verapamil was captured. 
Video 2 and 3 
 
Figure 43: Multi electrode array (MEA) reading from cells on the optical 
media. Before and after drug treatment with Isoproterenol. Our platform can 
be used with the MEA. 
 
The versatility of the optical media means it can be manipulated and 
used for bio-imaging applications such as calcium imaging as well as multi 
electrode array. In addition, because of the large surface area of these optical 




5.4 Concluding remarks 
I have reported the development of a high throughput platform for 
cardiotoxicity screening using optical media. I previously showed that these 
optical media are cost effective and support cell culture of different cells. Here 
we show that this platform allows the culture and functional maturation of 
NRVM. In addition we show that the platform is amenable for various assays 
such as calcium flux readings. Experiments are ongoing using multi electrode 
array for pharmacological studies with the platform. Our platform is ideal for a 





CHAPTER 6: CONCLUSIONS AND DIRECTIONS FOR FUTURE 
RESEACRH 
6.1 Final conclusions 
This thesis has covered the use of cost effective, commercially 
available optical media as substrates for aligning cells in culture to be used for 
various tissue engineering purposes. I have shown that these optical media 
substrates can be used either directly for cell culture or as molds for patterning 
large surface area PDMS.  
 In the first instance, I showed that cardiac, neuronal and skeletal 
muscle cell lines attach, proliferate and align on these optical media 
substrates. The alignment enhanced maturation of both the skeletal and 
cardiac muscle cell line while inducing a bipolar morphology in the 
neuronal cell line.  
 Moving forward, I explored the use of these optical media substrates as 
molds for large scale patterning of PDMS through soft lithography. 
These PDMS substrates with micro/nanogrooves were subsequently 
used for cell culture or as bottom layers for 3D microfluidic chip. I 
showed a synergistic effect of both fluid shear stress and micro/nano 
grooves in forming an aligned 3D cellular constructs.  
 Finally the use of these substrates as platforms for the study of drug 
induced cardiotoxicity was explored. I not only showed the beneficial 
effects of alignment on cardiomyocytes but I also show the amenability 




6.2 Recommendations for future research 
6.2.1 Cell alignment for basic research. 
Cell alignment has been shown to affect morphology, gene and protein 
expression in many cell types. One unexplored field is to study the effect of 
cell alignment on cell cycle, understanding the effect of alignment on this 
basic cell function can help researchers understand how to manipulate the cells 
for various studies. Cell cycle understanding will be useful for modulating 
proliferation, cell passaging and cell differentiation. To the best of our 
knowledge, we are the first to show that cell alignment in C2C12 increases the 
percentage of cells in the G0/G1 phase while reducing the percentage of cells 
in the M phase. Expanding this study to other cell types would be insightful. 
Another area to explore with the commercially available optical media would 
be mechanobiology studies. Currently we are studying the importance of 
kinectin in regulating cell shape by culturing kinectin knock-down cells on the 
optical media. Preliminary data suggests that kinectin knock-down cells do not 
elongate and align as efficiently as cells with kinectin. In addition, scientists 
have been interested in exploring the importance of mechanotransduction in 
inducing stem cell differentiation on various topographies [124]. These 
commercially available optical media can serve as cost effective platforms for 
these studies and make it accessible for all labs. 
6.2.2 Cell alignment for stem cell differentiation 
Numerous studies have explored the importance of alignment in stem 
cell differentiation, especially for the neuronal, skeletal and cardiac muscle 
lineages [3]. Recently, a paper reported that topography was very efficient for 
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the generation of human induced pluripotent stem cells [5]. This technology 
can be exploited for these studies. Due to the ubiquitous nature of these 
commercially available optical media, and its low cost, they can be used for 
large scale expansion and differentiation. They could especially be useful for 
countries without advanced infrastructure and technology. 
6.2.3 Optical media as molds for large scale soft lithography 
We have already shown that these substrates can be used as cost 
effective molds for patterning PDMS through soft lithography. Our next step 
would be to develop pump-free microfluidic chips with micro/nano grooves 
for drug testing applications. In addition, we hope to study the effects of 
stiffness and topography on cell function and differentiation. To do this we 
would use the optical media to pattern PDMS of different stiffness and culture 












7.1 Primers for Rat 
Name Sequence 
Potassium voltage-gated channel, 
subfamily Q, member 1 
F-TGAGTCCGGCCGGGCATCGAGT 
R-GCCCGCTGGGAGTGCAAAGA 
Potassium voltage-gated channel, 




Potassium voltage-gated channel, 
Isk-related subfamily, member 1 
F-TGCCCTCGCTGTGGCAGGAA 
R-TCGGAGCTGGGACCTACGAGC 
Potassium voltage-gated channel, 
Isk-related subfamily, gene 2 
F-AACAGCCGAACAACAGGCGCT 
R-TGGTACGGGTCCTGGGAGTGC 
Caveolin 3 F-TCCGCACCTTCTGCAACCCG 
R-AGCCTTCCCTTCGCAGCACC 
Adrenergic receptor, beta 2 F-AGCGACTTCTTGCTGGCACCC 
R-CCCACGCTTCGTCCCGTTCC 
Troponin T F-GCGGAAGAGTGGGAAGAGACA 
R-CCACAGCTCCTTGGCCTTCT 
Alpha cardiac actin F-ATGATGCTCCCAGAGCTGTC 
R-TGTCGTCCCAGTTGGTGATA 
Alpha skeletal actin   F-TGCGGGGATCCATGAGACCACC 
R-TGCATGCGGTCAGCGATACCG 




Connexin 43 F-CAAGGTCCAAGCCTACTCCAC 
R-ATTTTCACCTTGCCGTGCTCT 




Beta Myosin heavy chain  F-TGGCACCGTGGACTACAATA 
TACAGGTGCATCAGCTCCAG 
Brain natriuretic peptide F-AGACAGCGCCTTCCGGATCCA 
R-CCCGTCACAGCCCAAGCGAC 
 
7.2.1 Time lapse video of H9C2 alignment on the optical media 
7.2.2 Cardiomyocyte beating on grooved and flat surface. Cells on the 
grooved surface maintain a faster and more synchronized beating than 
cells on the flat surface 
7.2.3 Cardiomyocytes beating before (A) and after (B) drug treatment. 
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Technology Disclosure Form 
SECTION 1: TECHNOLOGY DISCLOSURE DETAILS 
RI Technology IBN-303 
Disclosure No Lead Scientist: Prof Hanry Yu 
(1) Title of Technology Gratings-on-a-Dish - Processing of Large-Area, Low-Cost 
Diffraction Gratings (Holographic Gratings and Optical Discs 
CD/DVD) for Cell Culture/Cell Alignment 
(2) Keywords relating to Diffraction gratings, holographic gratings, CD/DVD, cell culture 
your technology (5- platform, cell alignment, and cell orientation. 
10 keywords) 
(3) Indicate the category 
in which your 
technology falls 
under 
( 4) Brief summary of 
your technology 
Attach also a 
detailed description 
of your technology. 
ETPL2-05-1 
D Drug and Gene Delivery 
[gl Cell and Tissue Engineering 
D Biodevices and Diagnostics 
D Pharmaceuticals Synthesis and Green Chemistry 
Cell alignment is a robust process in response to topographical cues 
regardless of the materials of the grooved substrates and dimensions of 
the grooves within a certain range. However, the creation of large area 
grooved substrates (especially nanogrooves) presents a technological 
challenge, involves expensive instrumentation, is time-consuming and is 
not easily available to most of the labs for cell-based screening or 
research applications. We surveyed grooved surface materials and 
devices that are commercially used in non-biomedical areas and 
discovered a class of inexpensive materials (diffraction gratings) that are 
commercially available with topographically aligned structures that are 
within the range of parameters that might allow cell culture and effective 
alignments. In fact, compact disc (CD) and digital versatile disc (DVD) 
are perhaps the most commonly used examples of diffraction gratings. 
We propose that the surface of the commercially available diffraction 
gratings (optical discs like CDs/DVDs and holographic gratings) can be 
directly utilized to culture cells and align them for various applications 
when the materials are properly processed. 
Our innovation includes the sequence of processing steps to make the 
gratings amenable for culturing cells. The processed gratings are 
subsequently cut into smaller pieces and incorporated into the cell culture 
wells/dishes. This novel way of utilizing commercially available gratings 
as a cell culture platform ("gratings-on-a-dish") would open up ways for 
large-scale adoption of aligned cells for biomedical research and 
development. 
Please refer to the attached manuscript for details. 
CONFIDENTIAL 1 
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(5) Key technical 
features (excluding 
advantages such as 
cost, efficiency). 
CONFIDENTIAL 
Processing the diffraction gratings to make them biocompatible and use 
them for aligning/orienting cells for various biomedical applications. 
SECTION 2: INTELLECTUAL PROPERTY ASSESSMENT 
(1) Conception of 
Invention 
Attach relevant pages of 
your lab notebook. 
(2) Public Disclosure 
(3) Related RI's 
Patents/ Applications 
ffDs 
(4) Prior Art 
Provide references to 
what you consider to be 
the closest published 
work (inc. your own). 
Provide the details in 
separate sheets if 
necessary. 
ETPL2-05-1 
Date & Details 
July 7, 2011 
March 28, 2012 
The PhD Thesis of Deepak Choudhury (Drug Toxicity Testing on 
Chips) has been submitted to NUS NGS for correction on March 28, 
2012. All non-disclosure agreements of the proposed thesis examiners 
have been collected and attached herewith. 
RI Ref No: Patent I Appl. Title 
a. Cell alignment on grooved surfaces 
• Hot embossing - Charest, J.L., et al., Combined microscale 
mechanical topography and chemical patterns on polymer cell 
culture substrates. Biomaterials, 2006, 27(11): p. 2487-2494. 
• Nanoimprint lithography- Chou, S. Y. , Krauss, P.R., and Renstrom, 
P.J., Imprint lithography with 25-nanometer resolution. Science, 
1996, 272(5258): p. 85-87. 
• Laser irradiation - Rebollar, E., et al., Prolifer&tion of aligned 
mammalian cells on laser-nanostructured polystyrene. Biomaterials, 
2008,29(12):p. 1796-1806. 
All these methods involve costly equipments, lot of processing steps 
and highly-skilled workforce to operate. 
' b. Use of CD/DVDslholographic gratings/phonograph records to transfer 
patterns on polymers 
• Patterning using CD/DVD - Chowdhury, D., Paul, A., and 
Chattopadhyay, A., Patterning design in color at the submicron 
scale. Nano Letters, 2001, 1(8): p. 409-412. 
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(5) Novelty I Non-
obviousness 
Highlight the novelty 
and non-obviousness of 
your technology 
disclosure in view of 
prior art in which you 
have cited. 
Provide the details in 




Some new developments in meso-patterning. Bulletin of Materials 
Science, 2008, 31(3): p. 749-261. 
• Patterning using holographic gratings/phonograph records -
Vernon, R.B., et al., Microgrooved fibrillar collagen membranes as 
scaffolds for cell support and alignment Biomaterials, 2005, 
26(16): p. 3131-3140. 
• Gil, E.S., et al., Response of human corneal fibroblasts on silk film 
surface patterns. Macromolecular Bioscience, 2010, 10(6): p. 664-
673. 
The authors demonstrated the usage of gratings to pattern various 
polymers, but they did not note the possibility of culturing cells on 
those gratings. 
c. Cell culture vessel having interior ridges, US Patent No.: 5272084, 0' 
Connell, D.M., and Paris M.S., Cell culture vessels having interior 
ridges and method for cultivating cells in same. 1991, Corning Inc., 
New York, USA. 
This patent is different from our invention. It does not involve any 
usage of commercially available gratings (CD/DVDslholographic 
gratings). The dimension of the ridges covered is only in microscale. 
Our innovation covers from nanoscale to microscale. The range of 
responses elicited from nanotopography is thought to be greater, and 
the effects produced on cells can range from subtle to strong (see Ref. 
47 of manuscript attached). 
Since the surface of the gratings contain other layers of materials 
(chemicals and dyes in the case of optical discs) and is non-sterile, it has 
not been obvious to consider culturing cells on the gratings directly. In 
this regard, our innovation includes the sequence of processing steps to 
make the gratings amenable for culturing cells. 
The processed gratings are subsequently cut into smaller pieces and 
incorporated into the cell culture wells/dishes 
The advantages of the diffraction gratings for cell culture are as follows: 
a. The micro-nano grooves on the gratings can simulate 
biomechanical cues of the extracellular matrix materials around the 
cell. 
b. They could be utilized for cell culture on large suiface areas (e.g. 
the holographic gratings we have used are in the form of 6"x12" 
sheets or 6"x200" rolls). In contrast, other methods involve: 
• laser irradiation - petri dish of up to 6 em in diameter, 
• hot embossing - mold silicon of 4" in diameter, 
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• CD/DVD is <S$1 a piece (e.g. -60 cents for anImation CD-R). 
• Holographic grating -S$8 (Edmund Optics, holographic 
diffraction film) for a 6"xl2" sheet (one holographic grating can 
be used for -7 24-well plates). 
d. These commercially available gratings are ready-to-use with faster, 
easier and fewer processing steps for cell culture. 
e. They do not require costly clean-room equipment and lengthy 
protocols. 
f. They are transparent substrates and hence convenient to image. 
g. Small labs, or start -up companies with less capital can utilize the 
gratings for elaborate biological studies. 
h. The used CDs/DVDs, which are discarded as waste and pose an 
environmental concern, can be recycled for the proposed usage. 
(6) Does this technology arise out of a collaboration? Yes, please refer to Section 4. 
If yes, list the collaborators and provide details 
SECTION 3: COMMERCIAL ASSESSMENT 
(1) List the top 5 
organizations that 
may be interested in 
this invention or 
working in the 
similar field. Please 
also provide contacts 
if any. 
ETPL2-05-1 
We can license our IP to an interested company who can leverage on this 
to develop a library of relevant gratings (or use already available 
gratings) for various cell culture applications. We foresee that our 
innovation would be interesting for three categories of clients: 
a. Companies manufacturing diffraction gratings, e.g. Jovin Yvon, 
Edmund Optics, Holographix, Thor Labs, Lightsmyth manufacture 
gratings of varying groove-depth and different groove designs (plane-
ruled, sinusoidal, psuedosinusoidal, concave, ellipsoids, saw-toothed, 
etc.) for various applications such as telecommunication, encoding, 
lasers, spectroscopy. They would be eager to acquire this IP, which 
would enable them to move into biotech applications. 
b. Companies developing cell culture-ware, e.g. Millipore, Becton 
Dickinson (BD), Coming and Thermo Scientific, make cell culture 
dishes and plates. However, none of them provide a cell culture 
surface that has a groove on it. They would be interested in this new 
application. 
c. Companies manufacturing COs and DVDs, e.g. Moser Baer, 
Verbatim, and Imation would be interested to find out a biological 
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Competitors: None at present 
Market size: The academic/industry laboratories doing cell culture, tissue 
engineering, mechanobiology, drug testing and stem cell differentiation 
etc. would be interested in this gratings-on-a-dish platform. 
a. Cell culture products (Report by BCC Research, July 2010) 
• Media, Sera, Reagents - from $2.3 billion in 2009 to an estimated 
$3.9 billion by 2015. 
b. Cell-based assays (Report by BCC Research, May 2011) 
• Drug targets and lead profiling - from $6.2 billion in 2010 to 
$10.8 billion in 2015. 
• ADME (absorption, distribution, metabolism, and excretion) 
testing -from $1.5 billion in 2010 to $3 billion by 2015. 
c. In vitro toxicity (predictive toxicity) (Report by BCC Research, Sept. 
2010) 
• Cosmetic and personal care safety screening - $702 million and is 
expected to reach $1.3 billion by 2015. 
• Pharmaceuticals segment- $424 million in 2010 to $976 million 
by 2015. 
d. Tissue engineering- (Report by Market Publishers Ltd, Feb. 2012) 
• Estimated to value at US$11 billion in 2012, the global market for 
tissue engineering is expected to reach US$27 billion by 2018. 
e. Stem cells and regenerative medicine (Report by Global Industry 
Analysts Inc., Oct. 2010) 
• Global regenerative medicine market to reach US$1.4 Billion by 
2015. 
Biological studies possible on the diffraction gratings: 
a. Large-area gratings for micro-tissue formation (cell sheets) 
b. Cell remodelling for drug testing 
• Isolated cardiomyocytes/neurons from the animal models can 
again regain their morphology and functionality on the gratings. 
c. Human embryonic/mesenchymal stem cells differentiation 
• to neuronal cell lineage with or without growth factor, 
• to osteoprogenitor differentiation. 
d. Cell proliferation and recombinant protein production 
• Zhu, B.S., et al., Effects of laser-modified polystyrene substrate 
on CHO cell growth and alignment. Journal of Biomedical 
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they be overcome 
and how? 




(4) How can the 
technology be 
worked around? 




43-48. Chinese Hamster Ovary (CHO) have been shown to 
proliferate better on the gratings of certain aspect ratios, one could 
potentially leverage on this to increase the therapeutic protein 
production from this robust cell line. 
The technology involves simple processing steps to make the diffraction 
gratings biocompatible for cell culture/cell orientation. We do not see any 
particular disadvantages in applying this technology. 
It would be difficult to determine if someone makes use of the diffraction 
gratings in academic lab settings (although still traceable if it is published 
or presented). However, it is easy to trace if some company sells the 
processed or unprocessed diffraction gratings for cell culture 
applications. 
As explained in section 2 (clause 4) there are other ways of producing 
grooved structures for cell culture. However, all these methods involve 
costly equipments, skilled work force and hence not readily available for 
mass use. Our technology would open up avenues for research labs and 
start-ups that would be in a position to use our device. 
D No data 
D Simulation results available 
[8J Experimental results available 
D Animal models created 
D Prototype built 
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SECTION 4: INVENTORS' DETAILS AND CONTRIBUTIONS 
1/We hereby declare that we are the inventors for the technology. 
(Note: An inventor means the actual deviser of the invention. A person is NOT an inventor if 
he/she 
• Only helps to implement the invention 
• Only financially contribute or sponsor the work 
• Employs or manages the actual deviser/devisers of the invention ) 
1. Family name: Choudhury 2. Family name: Anene-Nzelu 
Given name: Deepak Given name: Chukwuemeka 
Country of Permanent Residency: Singapore 
Citizenship: Indian 
Resident of Singapore during Invention: Yes 
Email: deepakc@ibn.a-star.edu.sg 
Tel: 9150-6967 
Employer: Institute of Bioengineering and 
Nanotechnology 
State aspect and percentage of contribution: 
Conceptualization of the invention and 
establishing the proof-of-concept (30%) 
3. Family name: Yu 
Given name: Hanry 
Country of Permanent Residency: 
Citizenship: Singaporean 
Resident of Singapore during Invention: Yes 
Email: hyu@ibn.a-star.edu.sg 
Tel: 6824-7103 
Employer: Institute of Bioengineering and 
Nanotechnology 
State aspect and percentage of contribution: 
Conceptualization of the invention and 
establishing the proof-of-concept (30%) 
Signature: 
~ 
Country of Permanent Residency: Nigeria 
Citizenship: Nigerian 
Resident of Singapore during Invention: Yes 
Email: anene_nzeluc @nus.edu.sg 
Tel: 8439-8504 
Employer: National University of Singapore 
State aspect and percentage of contribution: 
Establishing the proof-of-concept ( 10%) 
Signature: 
4. Family name: Toh 
Given name: Yi-Chin 
Country of Permanent Residency: 
Citizenship: Singaporean 
Resident of Singapore during Invention: Yes 
Email: yctoh@ibn.a-star.edu.sg 
Tel: 6824-7161 
Employer: Institute of Bioengineering and 
Nanotechnology 
State aspect and percentage of contribution: 
Conceptualization of the invention (10%) 
Signature:~ 
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5. Family name: Leo 
Given name: Hwa Liang 
Country of Permanent Residency: 
Citizenship: Singaporean 
Resident of Singapore during Invention: Yes 
Email: bielhl @nus.edu.sg 
Tel: 6516-5608 
Employer: National University of Singapore 
State aspect and percentage of contribution: 
Conceptualization of the invention ( 10%) 
Signature: 
6. Family name: Ng 
Given name: Sum Huan 
Country of Permanent Residency: 
Citizenship: Singaporean 
Resident of Singapore during Invention: Yes 
Email: shng@simtech.a-star.edu.sg 
Tel: 6793-8382 
Employer: Singapore Institute of 
Manufacturing Technology 
State aspect and percentage of contribution: 
Conceptualization of the invention ( 10%) 
Signature: 
The parties have agreed to share the royalties as follows: Institute of Bioengineering and 
Nanotechnology- 70%, National University of Singapore- 20% and Singapore Institute of 
Manufacturing Technology - 10%. 
SECTION 5: ENDORSEMENT 
Endorsed by: 
Prof. Jackie Y. Ying I Date: 
Executive Director 
Institute of Bioengineering and Nanotechnology 
Please attach any additional sections. 
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